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ABSTRACT
Smith, Ethan A., M.S., Autumn 2006

Environmental Studies

An Evaluation of Interactions between the Imported Cabbage Worm (Pieris rapae), an
Assemblage of Six Arthropod Predators, and Two Insecticides Within a Minimum-Till
Brussels Sprouts Agroecosystem
Chairperson: Neva Hassanein
Agricultural systems are being re-engineered with hedgerows, living mulches, or
minimum tillage activities in hopes of retaining populations of beneficial, predatory
insects that may decrease the need for pesticide use. The purpose of this research was
twofold. First, this on-farm research assessed the population and activity of six beneficial
arthropod predators - the carabid beetle (Carabidae: Coleoptera), minute pirate bug
(Orius spp.: Hemiptera), nabid bug (Nabis spp.: Hemiptera), lady beetle larvae (family
Coccinellidae: Coleoptera), syrphid fly larvae (Syrphidae: Diptera) and spiders (Araneae)
- and one crop pest - the imported cabbage worm (Pieris rapae: Lepidoptera) - within a
no-till Brussels sprouts (Brassica oleracea, gemmifera group) and red clover (Trifolium
pratense) living-mulch system. Second, using two common organic insecticides Bacillus thuringiensis var. kurstaki (Bt) and a pyrethrin/rotenone blend – this research
assessed the capacity of these aforementioned predatory or parasitic arthropods to control
the P. rapae population and crop damage through biological (as compared to chemical)
means.
Field investigations for predators/pests involved weekly sweep-net sampling, pitfall trap
installation, and direct plant examination. Insecticides were applied as a bi-weekly
“calendar” application (pyrethrin/rotenone) or as a pest-density “threshold” dependant
application (Bt). Generally, pest control and damage prevention were more successful in
Bt treatments than in pyrethrin/rotenone treatments. Bt pesticides had no significant
effect on any arthropods sampled, while the pyrethrin/rotenone insecticide appeared to
significantly reduce the activity or population levels of all arthropods sampled. P. rapae
activity and crop damage was lowest in Bt treated plots, moderate in control plots (no
pesticides were applied, yet natural levels of arthropods were present) , and highest in
plots treated with pyrethrin/rotenone sprays. Preliminary results indicate that Bt
treatments worked as an additive control measure, which then augmented natural predator
populations. The increased pest activity and damage in pyrethrin/rotenone treated plots which coincided with reduced “beneficial” insect numbers as compared to the other
treatments - may indicate a disruption of the multiple-arthropod predator assemblage that
kept pest impacts lower in the “control” plots.
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INTRODUCTION

Each year, farmers and gardeners across America battle pests in their fields and
on their crops. Annually, nearly $33 billion in agricultural products are lost (or fail to be
realized) due to insect, weed, and disease infestations in the U.S.; $15.9 billion of those
losses are due to insect pests in agricultural crops, many of which are introduced or exotic
species that have only recently come to this continent (Pimental, et al. 2000).
The imported cabbage worm (ICW), Pieris rapae: Lepidoptera, is a significant,
introduced pest on farms and in gardens throughout the United States wherever brassica
plants are cultivated. Current control measures vary by region and by the management
style of the farms producing this plant family, which includes cabbage, Brussels sprouts,
broccoli, and more. In many areas, producers are structuring their fields to encourage
biological sources of pest control - such as predators and parasites – as a supplement for
chemical pesticides. Prior research has been conducted on the parasites and individual
predators of P. rapae, though usually in conventional, bare-soil agricultural systems.
Little is known, however, about the efficacy of multiple-arthropod assemblages on
controlling this pest, or how these effects may vary in “unconventional” agricultural
systems that include minimum-tillage or living-mulch practices.

This study probes

connections between pest management techniques, the ICW, six predatory arthropods,
and final crop damage within a minimum-till, living-mulch system.
The second section of this report is a review of current literature. It details the
lifecycle of P rapae, and highlights the positive and negative aspects of current biological
and chemical approaches to its control.
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Relevant research on predator/parasite

interactions with crop pests – and specifically the ICW - are explored, and the gaps
within published works identified. Finally, the production of Brussels sprouts (Brassica
oleracea, Gemmifera Group) is addressed, followed by details and considerations of notill and living-mulch systems of production.
The third section of this report details the research methods used for data
collection. A brief site history and explanation of the farm’s organization are included,
followed by plot/treatment designs and detailed sampling methods.
Section four presents the experimental results in graphic and written form,
followed by a detailed discussion of experimental results in section five. Finally, section
six presents the conclusions of this research.
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REVIEW OF LITERATURE
Pieris rapae, the Imported Cabbage Worm
History
The imported cabbage worm (Pieris rapae: Lepidoptera), or “ICW”, was
originally introduced to Canada from Europe in the mid 1800’s. Aided by trade and
efficient biological dispersal, the ICW is now nearly ubiquitous throughout North
America, and can be found on every continent except for Antarctica (Antonelli 1987).
The life-cycle and attributes of the ICW have been documented extensively since their
introduction to North America, and publications concerning their biology and methods of
control date back to the beginning of the 20th century. Moss (1933) and Richards (1940)
published early articles detailing P. rapae biology, ecology, and controls that are still
cited by authors and researchers today. Many other studies have since filled gaps in
regional understanding, probed deeper ecological connections, and explored the impacts
of new insecticides.

Biology and Lifecycle
Adults of this genus are familiar to almost anyone who has worked in a garden or
walked through a field in the evening hours of summer. Often incorrectly identified as
moths, the white or cream hued adults are actually butterflies. Smaller than 5 cm from
wing-tip to wing-tip, this species can be identified by the simple black dots that adorn the
tip of the forewing and the small black spot on the front edge of each hind wing. Females
have two black spots on each forewing, while males have only one (Opler 1984, 1992).
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P. rapae over-winter as pupae, often attached to host-plant debris. Adults may
emerge as early as March or April, and lay eggs singly on cultivated host plants if
available. The first generation often begins on wild host plants in the Brassicaceae
family, however, because few
farms

or

gardens

have

established brassica crop-plants
so early in the spring.

Larvae

(see lifecycle, Fig. 1) will hatch
from their eggs in 4-8 days, and
subsequently feed on their host
plants for 14-21+ days. During
this period, larvae pass through

Fig 1. Life cycle of Pieris rapae. “Days” ranges indicate the
variability of duration for each stage. Note that this variability
leads to life cycles of four to eight weeks. (WFPP n.d.)

five instar phases, molting and enlarging each time. Mature larvae then form pupae that
are secured by silk bands to the undersides of host-plants. Adults (butterflies) generally
emerge from their pupae in another 7-12 days to begin the next generation. An exception
to this occurs within the last generation of ICW in a season, when individuals pause at the
pupae stage and remain there to over-winter and emerge the following spring (Antonelli
1987). Factors such as temperature, rainfall, food supply, cause this time span to be quite
variable across different regions and climates.

This temporal variability results in

generations that span four to six weeks or more. It is estimated that there may be three to
five generations of P. rapae per growing season in western Montana, but exact numbers
are currently unknown.
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Existing Controls for P. rapae
Farmers and gardeners have employed many different techniques to combat
cabbage worm infestation, and most fall into two broad categories: “chemical” control
and “biological” control. The following section explores these two strategies, as well as
the known benefits and drawbacks of each.

Chemical Control
Chemical control of insect pests involves the application of toxic compounds either synthetic or natural in origin - to a crop system or surrounding area with the aim of
killing a target species.

These toxins have a mode of action that is either “broad

spectrum” or pest-specific. An insecticide’s mode of toxicity – how it kills or otherwise
affects an organism – has a large bearing on the scope and scale of its effects within an
agroecosystem and the greater environment.

Broad Spectrum Insecticides
Broad-spectrum insecticides are compounds that have a capacity to kill a wide
variety of insect species. Many of these are contact poisons that affect most arthropod
species in a similar way, making them efficient and versatile while also increasing the
risks to non-target species. Conventional (non-organically certified) broad-spectrum
insecticides used to control pest larvae like P. rapae are often in the form of pyrethroids synthetic neurotoxins that kill insects soon after contact. This class of compounds acts by
disrupting the sodium channel within nerve membranes, cascading across various levels
of physiological systems, quickly paralyzing and finally killing most arthropods (WHO
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1989).

Compounds such as permethrin and cypermethrin are commonly used

pyrethroids, and appear in popular brands such as Pounce, Ambush, Demon, and Raid.
Though listed within insect management literature for control of lepidopteran larvae, their
use may negatively impact natural enemies of crop pests (Hollingsworth 2006). These
compounds are specifically engineered to resist break down in the presence of water and
sunlight, and can persist in the environment for weeks following application (Class
1992).
It is often difficult or impossible to prevent these insecticides from affecting nontarget species. For example, Dempster (1967, 1968(a), 1968(b)) studied the ecological
effects of using a persistent, broad-spectrum insecticide to control P. rapae within a
Brussels sprouts system.

These studies demonstrated a decrease in parasitoid

populations, reductions of up to 50% in spider and other generalist predator populations,
and 50-250% fewer pest deaths from predation in sprayed plots. Crop pests that survive
these chemicals may then be free of beneficial insect controls in the field for several
weeks, until predator/parasite populations can rebuild. Aside from the negative impacts
upon non-target, predatory, and parasitic insects, pest resistance to entire classes of these
pesticides can develop with continued applications (Beugnet 1995, Hemmingway 2002).
Many synthetic pyrethroids are also extremely toxic to aquatic species and other
vertebrates (Cox 2002), and may negatively impact soil biotic communities
(Rangaswamy and Kenkateswarla 1993)
Pest control under National Organic Program (NOP) standards also allows the use
of certain broad-spectrum insecticides that originate from natural sources. One such
chemical class is the pyrethrins, natural derivatives of two chrysanthemum flowers:

12

Chrysanthemum cinerariaefolium and C. cineum.

Natural pyrethrins were the original

template for synthesizing synthetic pyrethroids, and thus share similar chemical
structures and modes of toxicity. Pyrethrins are often blended with another chemical,
rotenone (derived from the tropical plant Lonchocarpus spp.) and sold as broad-spectrum
insecticides for the organic control of dozens of insects (Casida 1973), including P.
rapae. Pyrethrins have a much shorter persistence period (24-72 hours) than synthetic
pyrethroids (2-4+ weeks), yet they may still reduce populations of beneficial insects such
as pollinators, predators, or parasitoids. They must make dermal contact to be effective,
thus lacking effectiveness on hidden larval pests due to their quick breakdown in sunlight
and water (Casida and Quistad 1995, Extoxnet 1994).

Like synthetic pyrethroids,

pyrethrins may also have toxic effects on birds, fish, and humans, and negatively affect
soil biota (Cox 2002).

Pest-Specific Insecticides
While broad-spectrum insecticides are toxic to many different species, other
chemicals are pest-specific, killing only certain types of insects. These compounds are
designed to have a high toxicity to target pest-organisms while maintaining a low level of
toxicity to most other organisms. The two most popular pest-specific chemicals used to
control P. rapae larvae are spinosad and bacillus thuringiensis (Bt).
Spinosad is a compound derived from two secondary metabolites of the soildwelling actinomycete Saccharopolyspora spinosa, spynosin A and spynosin D.
Spinosad is applied to plant surfaces in concentrated liquid form, and works as both an
ingested or contact toxin that causes neurological disruption, involuntary spasm, and
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paralysis.

Unlike broad spectrum contact insecticides, spinosad has a low level of

toxicity to many beneficial pollinators, predators, and parasitoids, while showing a high
level of toxicity toward insects in the Lepidoptera, Diptera, and Thysanoptera orders.
According to a review conducted at Cornell University, 33 of 47 (≈70%) recent studies
indicate “good” levels of caterpillar control with spinosad (Caldwell et al. 2005). Despite
these positive results, spinosad may still have unintended impacts upon non-target species
in aquatic or terrestrial environments. Spinosad can decrease reproductive capacity and
longevity in some parasitoids (Williams et al. 2003). It is also thought to be toxic to
some beneficial predators such as Syrphid flies (Chaney 2003), and may therefore be
undesirable for IPM use.
Bacillus thuringensis is a gram-positive species of naturally occurring, soildwelling bacteria. The spores and proteins of Bt are manufactured into powdered or
liquid insecticides, which are then applied to plant surfaces. Bt differs from most broad
spectrum insecticides - which are dermal or contact poisons - in that it must be ingested
to kill target pests. As part of their lifecycle, Bt bacteria produce crystalline proteins that
accumulate on plant tissues and leaf surfaces.

These protein endotoxins are then

consumed during feeding, and bind to the gut of the larvae. This area of binding usually
develops a hole through which contents of the digestive system enter the body cavity and
the blood stream (Nester et al. 2002).
Unlike spinosad (which is not broad-spectrum, yet may impact several insect
orders), Bt is highly specific to which species of insects it will effect.

Strains

commercially available include B. thuringensis vars. kurstaki, aizawi, tenebrionis/san
diego, and isrealiensis. Bt var. tenebrionis and var. isrealiensis are used on beetle larvae
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and mosquitoes/black flies respectively. The most common strains used for ICW control
are Bt var. kurstaki and var. aizawi. Bt has been shown as a supplemental control for
many pests - including P. rapae - while having no negative affect upon beneficial
arthropods (Lundgren et al. 2002).
Bt is hindered by rapid break down in sunlight and water, and works only on
feeding larval stages of pests (Hines and Hutchison 2001). Excessive contact with Bt
may lead to adaptive resistance in pests (Loseva et al. 2001), and as such an alternation of
different Bt strains is recommended for instances where many repeated applications are
made. Though Bt does not pose a threat to many of the predatory or parasitic insects
within agroecosystems, it may nonetheless be toxic to non-target caterpillar species. The
impact of Bt on the Monarch (Danaus plexippus) butterfly has been heavily debated
(Pimentel and Raven, 2000), and there are still poorly understood ecological effects upon
non-target species that may arise from cavalier dispersal of these bacteria (James et al.
1993, Naranjo 2005).

Biological Control
Biological control is a portion of a larger pest management system known as
Integrated Pest Management (IPM). While some IPM systems do use pesticides as a last
resort, biological control methods are antonymous management tools that work
independent of these chemical applications. Flint and van den Bosch (1981) nicely sum
up the goal of biological control within IPM as: “An ecologically based pest control
strategy that relies heavily on natural mortality factors…and seeks out control tactics that
disrupt these factors as little as possible.” The “natural mortality factors” referred to here

15

may take the form of predation or parasitism (predatory/parasitic insects, birds,
mammals, reptiles, amphibians, etc.), disease, inter- or intra-specific competition for
resources, allelopathy, and more. Due to the extensive nature and complexity of the
many types of biological control, this research focuses only on the portion of biological
control using predatory or parasitoid (parasites that kill their hosts) insects.

Predators and Parasitoids
Farmers may reduce crop damage and obtain non-additive crop gains by
employing arthropods that are natural enemies of agricultural pests (Cardinale et al.
2003). For these natural enemies to be effective, their parasitic or predatory life-cycles
must intersect with the appropriate lifecycles of their host or prey (the pest). An example
of this is the egg-parasite Trichogramma spp., whose adult (wasp) stage must be
concurrent with their host’s egg stage to achieve effective pest control (Knutson 1998).
An agricultural producer must therefore understand the specific attributes of the predators
and parasitoids that they wish to employ in order to align these traits with the lifecycles
of their pest.
Arthropods that fall into the “predator” category tend to share several common
attributes. Predators are often generalists, consuming many different species and varying
developmental phases of prey, and will do so to fulfill part or all of their diet during one
or more of their life-cycle stages. Males and females may be predatory, and are often though not always - larger than their prey. Predators will also consume many prey
through the course of their life-cycles (Hoffman and Frodsham 1993). A review of
manipulative field-studies showed that in nearly 75% of studies, predatory arthropods
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caused a significant reduction in crop pests (Symondson et al. 2002). Naturally occurring
generalist predators such as ground beetles (Coleoptera: Carabidae), many species of
spiders (Araneae), minute pirate bugs (Orius spp.: Hemiptera), nabid or damsel bugs
(Nabis spp.: Hemiptera), and the larvae of lady beetles (Coleoptera: Coccinelidae) and
syrphid flies (Diptera: Syrphidae) directly feed upon many agricultural pests, including
the imported cabbage worm in either egg and/or larval stages (Dempster 1968, Ashby
1974, Schmaedick and Shelton 1999). Complete biology, life cycles and descriptions of
these six predatory arthropods may be found in Appendix A.
Arthropod parasitoids differ from predators in several important ways.
Parasitoids are specialists, usually attacking only within a certain genera or species of
host, and then will attack only during certain host life-stages. Only female parasitoids
search for hosts, depositing eggs on, within, or near their target. The small, immature
parasitoids will feed upon (and thereby kill) their larger, single host before moving on to
adulthood. Adult parasitoids can be - but are not always – predacious (Hoffman and
Frodsham 1993).

Arthropod parasitoids such as the wasp Cotesia glomerata (L.)

(Hymenoptera: Braconidae) have been purported to kill up to 90% of the mature ICW
larvae during mid-summer generations (Boucher 1995). Findings by researchers such as
Coleman et al. (1999), however, are raising questions as to whether or not high rates of
parasitism are actually correlated to a reduction in plant damage. The egg parasitoid
Trichogramma spp. is another wasp species used for IPM controls of P.rapae, and is
currently in use in Oregon and Washington.
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Augmentative Parasitoid/Predator Biological Control
The implementation of biological control using predatory or parasitic insects is
generally accomplished in one of two ways. The first method involves the release of a
specific species of predator/parasitoid insect at the location of a current or anticipated
pest outbreak. This method, known commonly as “augmentative” biological control,
involves the release large numbers of predators/parasites to either augment natural
populations or to overwhelm the pest directly. Often, this release is a reactionary attempt
at control that follows a pest outbreak, but releases of these “beneficial” insects may also
be used as a tool for pre-emptive establishment of predator/parasite populations. The
release of predators such as the convergent lady beetle (Coleoptera: Coccinelidae) can be
quite successful for short term control of pests such as aphids (Dreistadt and Flint 1996).
A review of research on augmentative control, however, found that over 50% of
establishment or augmentation attempts resulted in failure. Many of these failures were
attributed to poor habitat and shelter, inaccessibility of pests, dispersal problems for the
predators/parasites, and other environmental factors on-site which may have led to low
beneficial arthropod populations in the first place (Collier and Van Steenwyk 2004).

Ecological Engineering for Biological Control
The second method of applying biological control with insects is the practice of
“ecologically engineering” an agricultural ecosystem, which in this case means the
encouragement of naturally occurring predators and parasites in the crop area by altering,
enhancing, or increasing the amount of available habitat.
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The term “ecological

engineering” was first used by the ecologist H.T. Odum (1962) to describe "…those cases
where the energy supplied by man is small relative to the natural sources but sufficient to
produce large effects in the resulting patterns and processes." Today, the term describes
portions of many ecological fields, including research and writings on alternative
agriculture and pest management (Gurr, Wratten, and Altieri 2004).
The idea of altering an agricultural system so that human inputs are minimized
and ecological processes are maximized is far from new. Agriculture depended upon
natural sources of pest control, weed abatement, and soil fertility for literally thousands
of years. Only within the last half of the 19th century did these tools change over to
synthetic fertilizers, powerful chemicals, and highly mechanized operations. A new field
of researchers, is looking past these technologies - or perhaps looking before them - to
learn more about the ecological inputs that might save money and time, reduce pollution
and habitat destruction, and might actually increase crop yields.
Miguel Altieri, one of the leaders in the field of Agroecology, has found that weed
or ground covers –as opposed to bare soil - can attract greater populations of beneficial
insects (1979, 1982, 1986), these may then help control pest outbreaks (1984), and can
help to bolster systemic stability with increased biodiversity. Leaving un-mowed borders
or field margins will protect existing predators and can increase their populations
(Thomas 1991, Denys and Tscharnke 2002). These un-disturbed areas also help control
dispersal, diversify communities, and aid scavenging predators such as ground beetles
(Clark et al. 1997, Kinnunen et al. 2001). Parasitoids can benefit as well from added
habitat and cover, and may use flowering ground covers or perennials as nectar sources
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(Rebek et al. 2004), though flower selections should match the desired parasitoids as
some are ineffective and may even be repellent (Wäkers 2004).
The diverse communities of arthropod predators that develop in these engineered
ecosystems can help control pests before they reach outbreak status (Flint and Dreistadt
1998). Multi-species assemblages of predators or parasites in these refuges can be as or
more effective than an individual species is in augmentation releases, yet interactions
between different predator and parasitoid species are still poorly understood and highly
variable (Symondson 2002).

Some assemblages of predators and parasites may have

additive interactions, as generalist predators aid parasitoid searching by removing other
low-preference species of prey (Cardinale et al. 2003). In the aforementioned study,
Cardianle et al. also reported non-additive increases in the total crop system, resultant
from concurrent suppression of multiple pests. Conversely, parasite regeneration rates
may drop in the presence of generalist predators (as parasitized hosts are eaten), and these
interactions may lead to delays in control of a burgeoning pest population (Snyder and
Ives 2002).

Disturbances in species or habitat composition (introduction of new

arthropods, tillage that eliminates refuge, application of pesticides/herbicides, etc.) can
potentially scatter many species, rendering the system ineffective for pest control (Jervis,
Lee, and Heimpel 2004, Flint and Dreistadt 2004).
Though agricultural systems with diversified and enhanced arthropod habitats
may well increase numbers of “beneficial” predators and parasitoids, little research has
explored the actual IPM contributions made by these bolstered arthropod populations.
Multiple-arthropod assemblages may prove to be an effective means for general pest
control in such systems. More research is needed, however, to probe additive or
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subtractive interspecies interactions, to understand connections between generalists and
specialists, and to test the influence of chemical or physical disturbance upon these
systems.

Brassica oleracea (Gemmifera group) - Brussels Sprouts Production

The Brassicaceae family contains approximately 350 genera, and over 3000
species of herbaceous plants. Originating in Europe and Eastern Asia, this cool-season
plant family includes the cultivated crops: Brussels sprouts, cabbage, broccoli,
cauliflower, kale, turnips, mustards, radishes, and more. Additional species in this family
are wild or “weed” species, and may serve as hosts or incubators for diseases or pests
such as P. rapae (Antonelli 1987).
Although Brussels sprouts may be grown through direct seeding, cultivation in
cool northern regions most often begins with seedlings grown under greenhouse
conditions. Seedlings are grown indoors for 4-7 weeks, and then transplanted into the
field by hand or mechanical means once the danger of frost has passed. To allow for
plant growth and resource capture, spacing within rows is generally 40-60 cm , with 60100 cm spacing between rows. Temperatures between 5° C and 25° C are desirable for
growth, with the optimal range being 15-18° C.

Nutrient requirements of all

Brassicaceae species are fairly high, with particularly high demands in nitrogen and
phosphorus, as well as moderate needs for potassium, sulfur, and other micronutrients. A
soil pH of greater than 6.5 is desirable to prevent outbreaks of diseases such as clubroot
(Plasmodiophora brassicae), and to maintain nutrient availability.
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Harvest takes place when either the lower leaves of the plant turn yellow, or when
the sprouts reach an optimal size. Sprouts that are allowed to get too large can have a
bitter taste and tough texture. When harvested by hand, the lowest and largest sprouts are
snapped from the stalk, allowing the upper, smaller sprouts to continue to mature. In this
way, several harvests totaling two pounds or more may be achieved from each plant.
Mechanized operations typically remove the entire plant; thus, large commercial yields
are often lower in per-plant weight.
Brussels sprouts spend longer in the field than nearly any other brassica species,
often taking 90-110+ days from germination to harvest. This extended residency may
result in a longer period of time for nutrient acquisition, but may also expose the plants to
a greater variety of crop pests. The greatest pest pressures for Brussels sprouts are from
the cabbage worm complex (the imported cabbage worm, cabbage looper, and
diamondback moth), cabbage maggots, and aphids. Different biological, cultural, and
chemical controls for each of these pests exist, and range from the enlistment of
beneficial insects to the use of highly persistent, synthetic pesticides.

Considerations for No-Till Brussels Sprout Production
The high resource needs of brassica species require the use of a well-designed
agroecosystem. Heavy feeding requirements can deplete soil resources, and pest and
disease pressures may build during successive years of planting in the same area. These
needs may be satisfied by growing brassica plants - and specifically B. sprouts - in
minimum-tillage systems with living-mulch ground covers.
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Living mulches and reduced tillage B. sprouts systems may bolster populations of
beneficial insects that could reduce pest pressures. Experiments growing brassica crops
within a living-mulch have shown increased levels of beneficial predators such as ground
beetles and members of the Coccinellidae family (Schellhorn 1997).

Intercropped

Brussels sprouts can have lower pest populations as compared to plants grown in bare
soil (Theunissen 1980). Reduced tillage systems may help retain organic matter, which
has been positively correlated to reductions in soil-borne pathogens (Hoitink et al. 1997,
Stone et al. 2003). Nutrients may exhibit delayed or reduced availability in minimumtillage systems as compared with conventional tillage (Stubbs 2004), yet long growingseason Brussels sprouts have more time to capture them.
Brassica plants may not always benefit from living mulches or intercropping,
however. Ground covers may compete with crop plants, leading to low or no marketable
crop yields (Dempster 1969, Bottenberg et al. 1997). Weaver (1984) concluded that this
competition could be minimized by removing ground-cover or weeds four or five weeks
prior to transplanting. Diseases may actually find refuge in minimum-till or living mulch
systems if plant debris remains near crops from year to year, and if rotations are not
implemented (Bockus and Shroyer 1998). Careful selection and management of living
mulches and adherence to crop rotation are therefore important considerations in these
systems.

This research will attempt to determine the presence of predatory and parasitic
arthropods within a no-till Brussels sprouts system, and will assess the ability of these
“beneficials” to control the population and resultant damage of P. rapae.
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METHODS AND MATERIALS
Site History and Description
The site-location for this research was Biodesign Farm, owned and operated by
Helen Atthowe, and located in Stevensville, Montana, at approximately 46°32’N114°03’W. The experimental plots were established in a recently initiated six-acre field
(see Figure 2) that was created with the dual goals of 1) increasing the habitats of wildlife
and beneficial insects, and 2) providing a system for efficiently producing vegetables
with a high economic yield.
For 13 years, Biodesign Farm has been following the lead of Miguel Altieri and
other agroecologists in the experimentation with living mulches between and within
vegetable rows. Beginning in 1995, on-farm research was done by owner/operator Helen
Atthowe to study the management of these living mulches and the possible affects upon
populations of beneficial insects. It was found that lightly-mowed but intact living
mulches contained higher levels of beneficial predators than did bare-soil or tilled plots
(Atthowe 1996). Atthowe also made specific identifications of predatory insects on site,
including syrphid fly larvae (family Syrphidae), predaceous stinkbugs (family
Pentatomidae), aphid parasitoids, spiders, carabid beetles (family Carabidae), lady bugs
and their larvae, minute pirate bugs (Orius spp.), lacewings (family Chrysopidae), and
nabid bugs (Nabis spp.). This experimental outcome led to the pursuit of minimumtillage practices on the farm in 1997, followed by the cessation of all pesticide application
for cabbage-worm pests in 2000.
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Management of Habitat for Beneficial Insects
The field containing the test plots was managed as a perpetual pasture for 50 years
until the fall of 2004 when 600 sheep were pastured on the site and employed for what
the farmer terms as “sheep tillage” (heavy, close grazing and manure deposits). In April
of 2005 the field was undercut and turned to a depth of approximately 15 cm, disked
twice, and then allowed to dry. One month later the site was disked again, and a covercrop blend of triticale (a hybrid of wheat – Triticum spp., and rye – Secale spp.) and red
clover (Trifolium pretense) was seeded and allowed to establish. This cover-crop was
designed to function as a “living mulch” to provide soil stabilization, suppress weeds, and
to create possible beneficial insect habitat on what would otherwise be bare soil in many
agricultural systems. The clover-triticale blend was specifically chosen for its ability to
provide a quick, vigorous, and dense cover after sowing (triticale), and to provide
nitrogen to the system while persisting through the winter (red clover).
The triticale germinated quickly after sowing, preventing the establishment of
quack grass (Elymus repens) and other pioneer weed species.

Within three weeks,

however, the triticale was completely out-competed, and a virtually pure stand of red
clover emerged. The clover was mowed close (8 cm) in September of 2005, and left
undisturbed during the late fall and winter months. By April of 2006, the T. pretense still
dominated the field. The depth of this clover averaged 10-15 cm throughout the field,
and it comprised nearly 100 percent of the plant biomass.
The field possessed a central strip of undisturbed and untilled permanent pasture
grass that measures approximately 200 m long (the full length of the field) by 10 m wide.
As shown in Figure 2, this strip connects at both ends with the 5 m wide swath of un-
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mowed, permanent pasture grass that surrounds the entire field margin. All rows within
the field are separated by 1.5 - 2.5 m wide pathways of the red clover that has persisted
since the 2005 planting. Living mulches and undisturbed borders such as these have been
demonstrated to encourage predatory arthropod populations and to increase predator to
prey ratios (Altieri and Letourneau 1982, Denys and Tscharntke 2002).

Figure 2. Overhead view of research site at Biodesign Farm. Unmowed center strip and
borders of pasture grass have been no-till for 50 years. The white portion of the diagram
indicates where the triticale-clover ground cover was established in 2005.

Experimental Design

Establishment of No-Till Brussels Sprouts
The red clover planted in 2005 over-wintered in the 6-acre field, and comprised
the living mulch within and between the planting rows of the experimental plots. To
prepare the No-till rows for the Brussels sprouts transplants, two parallel strips 0.5 m
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wide and 2 m apart were cut into the clover with a single pass of a tractor mounted
mower. This was followed by a series of passes with a Forevergreen™ “Agra” model
infrared-weeding device, walking at approximately 50 meters per minute. By operating
at 1000° C on the combustion of compressed propane within a ceramic element, this
device wilted the mowed clover by boiling intracellular water and rupturing plant cells as
it passed over. This wilted strip was designed to set the clover back – but not to kill it –
so as to allow the Brussels sprouts seedlings to establish themselves prior to the recovery
of the mulch. The plots were not tilled or disturbed in preparation for planting. Instead, a
minimal application of composted manure (approximately 1000-2000 kg/ha) was spread
on the planting beds as a top-dressing and spread with a tractor-mounted harrow two
weeks prior to field transplantation of the crop seedlings.
Brussels sprouts (Brassica oleracea (gemmifera group)) seeds of two varieties,
“Oliver” and “Diablo”, were started in early April. Seedlings were grown for six weeks
under greenhouse conditions in 50-cell trays (cell size 1”L x 1”W x 1”D) and
transplanted into the field in mid-May. The plants measured approximately 10-12 cm tall
at transplanting. Seedlings were planted directly into the wilted strips of clover with a
conventional, tractor-mounted waterwheel transplanter, spaced 0.5 m apart with 0.5 m
spacing between rows. The transplanter operated by punching regularly spaced holes in
the soil that were simultaneously filled with an aqueous solution of fish emulsion.
Seedlings were then placed by hand into these holes with the soil firmly secured around
their roots. Seedlings were watered in via overhead irrigation, which was continued
throughout the growing season to supplement natural precipitation.
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Plot Design and Field Layout
Plots measured 10 m long by 5 m wide and
encompassed the two double rows of Brussels
sprouts, with the red clover living-mulch underneath
(see Fig. 3). 55-57 Brussels sprouts were planted in
each plot, with an equal number of “Oliver” (an earlyharvest variety, planted in the north row) and
“Diablo” (a late-harvest variety, planted in the south
row) in each. Experimental plots were separated from
neighboring plots by a buffer of approximately 8
meters of untreated Brussels sprouts and clover.
Three different treatments were used, with
each assigned to a separate plot. These were then

Figure 3.
Example test plot
layout. Patchy grey area indicates
red clover cover, and white strips
indicate area burned back by
flaming. Circles indicate Brussels
sprouts seedlings. Drawing is not
to scale.

assembled into a randomized-block design over four replications, yielding a total of 12
plots.

Treatments
The three treatments in this experiment were crafted to resemble three agricultural
methods of controlling the ICW. Two treatments involved the application of pesticides,
and were administered under specific conditions. The “calendar” treatment plots each
received a biweekly application of Bonide® liquid pyrethrin/rotenone insecticide (0.8%
pyrethrin and 1.1% rotenone) at a rate of 2.6 ml per liter (2 teaspoons per gallon) of H2O
- as so labeled for control of P. rapae larvae. The pyrethrin/rotenone solution was
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applied using a Solo model 473P3 backpack-pump sprayer, and was administered at
approximately 1100-1115 hrs on each application date. Spraying in the “calendar” plots
began with the first appearance of P. rapae adults on 31 May and continued on a biweekly basis until 4 October, constituting 10 total applications (see Fig 9).

This

treatment, though still recommended by some agencies for ICW control, was intended to
disrupt populations of predatory or parasitic arthropods.
The “threshold” treatments received applications of Dipel Dust® Bt (Bacillus
thuringiensis var. kurstaki) and Concern® insecticidal soap, but only when a pest-density
based “action threshold” was met or surpassed on the weekly sampling date.

Action

threshold spray guidelines are an agricultural pest-management tool that bases pesticide
application decisions upon pre-determined levels of pest density or crop damage. In this
experiment, we based our action-threshold percentages on the presence of one or more
larvae per plant. For example, if a sampling of plants showed that 3 of the 10 plants (i.e.
30% of plants sampled) contained one or more larvae, this constitutes a pest density of
30% regardless of how many total larvae were on those three plants. Because specific
thresholds have not been established for P. rapae on Brussels sprouts in Montana, we
adapted them from University of Minnesota Extension Service guidelines for ICW
control in cabbage (Hines and Hutchison 2001). The action thresholds used in this
experiment were: 30% larval infestation from transplantation until cupping (head
formation) and 10% larval infestation from cupping/heading until harvest.

The

“threshold” treatment consisted of 60 g (≈ 2 oz) of Bt powder mixed with 30 ml (≈1 fl
oz) of insecticidal soap (equivalent to approximately ½ the labeled rate and used as a
surfactant) per 3.75 liters of H2O. This solution was thoroughly applied to all surfaces of
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the Brussels sprouts plants at approximately 1100-1115 hrs on the same day that the
threshold levels were met or exceeded. There were eight applications of this treatment,
with dates indicated by the orange gridlines in Fig 9. This treatment was designed to
mimic the standard, recommended control method for the ICW. It was designed to
remove the pest species while having negligible impact on the other arthropods.
Finally, the “control” plots received no outside treatment for ICW control. This
treatment was designed to retain the pest species as well as the arthropod predators and
parasites, and to thus be a measure of the pest-control capacity of these “beneficials”
within the system.

Data Collection
Weekly Measurements
Weekly measurements were taken on Wednesdays, between approximately 0900
and 1100 hrs. With the exception of ICW adult activity, all measurements were taken
within each treatment plot. Whenever individual Brussels sprouts plants were sampled
weekly, 10 individuals (based on equivalent sample sizes from Hines and Hutchison
(2001) and Maltais et al. (1998)) were chosen every week from within each plot using a
random number generator. These randomly chosen sample sets were used for all plantsampling measurements for that given plot in that given week.

ICW Adult Presence and Activity
Because detailed or exact population size surveys (which often involve catching
and marking individual adult butterflies) can be time consuming, a simple method of
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assessing P. rapae adult activity was used. Once per week, an east-to-west transect line
was walked across the experimental field at approximately 1000 hrs. All P. rapae adults
that were passed along this transect were counted. This method was repeated three times,
and the results were then averaged together to give an overall adult ICW activity number
for the week.

ICW Egg Presence
Once per week, the 10 randomly selected plants from each plot were examined for
the presence of P. rapae eggs. All surfaces of each plant, including the leaf tops and
bottoms, petioles, and the main plant stem were searched visually for eggs. Any eggs
discovered on the primary search were examined using a 12x field lens to ensure proper
identification. The presence of one or more of these eggs on a plant was recorded as a
positive presence or “1”, while the complete lack of eggs on a plant was indicated as a
negative presence with a “0”. The percentage of plants exhibiting egg presence within
each treatment plot was then tabulated, and an average was obtained for each total
treatment. Data was assembled from 31 May 2006 to 11 October 2006, and graphed for
comparison between treatments.

P. rapae Larval Presence
Once per week, the 10 randomly selected plants from each plot were examined for
the presence of P. rapae larvae.

Early-instar (first or second instar) larvae were

examined with the use of a 12x field lens to ensure proper species identification. The
number of larvae present on each plant was counted and recorded. During the second
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generation, sampling for larval presence was adapted to include size classes of “A” = less
than or equal to 6 mm, “B” = 6 mm to 12 mm, and “C” = greater than 12 mm in length.
Larval presence was averaged for each sampling day across each treatment, assembled
from 31 May 2006 to 11 October 2006, and graphed for comparison between treatments.

Larval Feeding - Foliar Damage
Once per week, the 10 randomly selected plants from each plot were examined for
evidence of ICW larval feeding. After counting the total number of leaves on each plant,
a ratio was obtained between damaged and undamaged leaves. Data was recorded as
both unreduced fractions (e.g., 4/16 was not reduced to 1/4) and also in decimal form.
Unreduced fractions were used to track the progress of per-plant leaf production and
growth, while the decimal forms were used to track the overall percentages of leaves
damaged. Percentages of leaf damage were assembled and averaged for each treatment
plot, and graphed for visual analysis of variation between treatments.

Larval Frass
Initially, the ten randomly selected plants from each plot were examined each
week for the presence of larval frass (excrement). This measurement was abandoned
early in experimentation after uncontrollable variables such as irrigation and other plant
disturbances caused variations in frass presence and retention on plants. Larval frass was
instead measured for presence on the harvestable portions of Brussels sprouts at the time
of harvest.
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Sweep Net Sampling of Plots
Sweep net sampling can be the most cost-effective, and time efficient way to
collect insects, and can be as accurate as insect vacuums (Parajulee 2006). Once per
week, each plot was swept with a Gemplers® R13101 15” sail-cloth sweep net. Sweeps
were conducted the same time each week - approximately 1000 hrs - and were done using
the following standardized method illustrated in Fig. 4: The net was grasped with a
forehand grip and swept with a quick stroke through
the top 20 cm of red clover between the Brussels
sprouts plants. Stroke number one began from left
to right, and as a single step was taken forward
stroke number two was taken immediately from
right to left. Twenty strokes in all were completed
for each plot, with ten strokes conducted through
each of the double rows of Brussels sprouts.
Following the 20 sweeps, the contents of the net
were examined for quantities of minute pirate bugs
(Orius spp.: Hemiptera), nabid bugs (Nabis spp.:
Hemiptera), lady beetle larvae and adults (family
Coccinellidae: Coleoptera), syrphid fly larvae and
adults (Syrphidae: Diptera) and spiders (Araneae).
This accounting either occurred immediately on site,
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Figure 4.
Path and pattern of
sweep-net sampling technique.
Numbers indicate the beginning of
each sweep, red arrows indicate
sweep direction, and black arrow
indicates the path of travel.

or the contents were emptied into 1-gallon zippered storage bags for later identification if
pressed for time.

To allow for quick and efficient identification, arthropods were

identified only to the genus, family, or order listed here.
Arthropod counts were averaged for each treatment, and the per-treatment sweep
results from 31 May 2006 to 11 October 2006 were 1) assembled graphically for analysis,
and 2) tested with one-way ANOVA analysis.

Bi-weekly and Irregularly Scheduled Measurements
Pitfall Trap Sampling
Pitfall-trap sampling was pursued to examine insect activity at the ground level
where sweep net sampling is ineffective. Pitfall traps may be inaccurate measures of
arthropod population, but they can offer comparison between treatments in terms of
arthropod activity (Dempster 1968(b)). Pitfall traps (Fig. 5) were created by cutting the
tops from 2-liter plastic bottles and inverting them
inside the remaining bottle bases.

Traps were

buried with their tops flush with the soil surface,
fitted with small aluminum tart tins for cover, and
were filled with approximately 100 ml of 70%
isopropyl alcohol.

Traps were installed within

one of the double rows of Brussels sprouts,
located randomly in one of four corners of each
plot. Pitfalls were installed on Wednesdays, and
removed seven days later for sampling. Ground
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Figure 5. Diagram of pitfall-trap
construction. A.) Indicates ground
level, B.) Aluminum tart-tin shelter,
and C.) 100 ml 70% isopropyl alcohol
solution.

beetles and spiders captured in the traps were counted and recorded. A three-week period
was then allowed to pass before the traps were re-installed in different, randomly selected
plot corners. This 28-day sequence was designed to prevent the over-harvest of grounddwelling insects, and was created on the advice of Dr. Sue Blodgett, Associate Professor,
Extension Specialist and Integrated Pest Management Coordinator at Montana State
University.
Data was assembled from all traps in all plots for statistical analysis.

The

complete data set was initially tested for homogeneity of variance. After passing this
initial test, data was run analyzed by One-way ANOVA that included Tukey HSD as a
post-hoc, multiple comparison test.

Parasitism Rates and Larval Rearing
To measure for rates of larval parasitism by parasitoids, P. rapae larvae were
collected three times during the growing season and reared in captivity. On 28 June, 16
August, and 06 Sept respectively, 25, 52, and 53 larvae were captured by hand from
Brussels sprouts plants that lay within the buffer spaces between experimental plots.
Larvae were selected based on their size class - the 4th or 5th instar, or approximately 2
cm long - in an attempt to ensure that they had been in the field long enough to have been
exposed to any parasitic organisms. Larvae were collected from these buffer-areas to
prevent sampling effects and the skewing of larval presence numbers within the test plots.
Captured larvae were placed in quantities of two or three within small rearing chambers
fashioned from 1-quart, glass mason jars for rearing. The bottoms of the jars were first
lined with 4-5 cm of moist soil, and several small Brussels sprouts leaves were inserted
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stem-down into the soil so as to retain turgor pressure and to stave off leaf desiccation.
Subsequent to larval insertion, jar mouths were covered with a section of canvas cloth
that was secured by metallic mason jar lid-rings. These coverings allowed for
atmospheric exchange of oxygen and moisture, while preventing the inward or outward
movement of either larvae or possible parasitoids. Rearing chambers were kept in a
mixed-shade location outdoors to maintain climatic conditions similar to those within the
field where they were collected. Larvae were inspected every 24 hours for signs of
possible parasitism such as larval body discoloration, changes in activity or feeding,
atrophy, or death. Once the captive larvae pupated, chambers were monitored every 48
hours for any signs of parasitoid emergence. The rearing chambers received no further
monitoring once P. rapae butterflies had emerged from the pupae stage.

Harvest and Yield Measurements
For ease of obtaining comparable numbers in this experiment, plants were deemed
to be of harvestable size when there were at least three perpendicular rows of sprouts on
the plant in which all heads were greater than 3 cm in diameter. Plant specimens were
clipped with pruning shears at ground level, and the entire plants were taken immediately
indoors for measurement. Unless otherwise noted, all weights were measured using a
digital produce scale with gradations of 0.005 pounds (≈2.26 g). All plants that were
deemed harvestable in each plot were harvested and measured, and a final 5-plant subset
from each plot was selected for data analysis. Harvest took place once per week over a 4week period.
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Total Above Ground Plant Mass
Lacking equipment and labor for oven-dry biomass measurement, entire plants
were weighed immediately after harvest.

Total Foliar Damage At Harvest
Following the measurement for whole-plant mass, the total number of leaves was
counted and the percentage that was damaged by larval feeding was recorded. As with
weekly damage ratings, both the unreduced fractions of damaged/undamaged and their
decimal equivalents were recorded.
Harvest damage ratings were modified by an arcsin√p transformation prior to
statistical analysis. Once the damage data set passed homogeneity of variance tests, oneway ANOVA analysis with post-hoc, multiple comparison Tukey HSD was performed.

Frass Presence
Following leaf damage assessment, the leaves were removed from the plant by
passing a sharp knife through the petioles approximately 4-5 cm distal to the main plant
stem. Once the leaves were removed, the harvestable Brussels sprouts were examined for
signs of ICW larval frass. Any frass noted was recorded as a positive presence for the
plant with a “1”, and a lack of larval frass was recorded as a negative presence with a “0”.
This data collection was abandoned, however, when accurate frass presence was
compromised by uncontrollable variables.
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Brussels Sprouts Damage Assessment
Following the examination for frass presence and leaf damage, individual sprouts
were removed from their stem by grasping them between the thumb and fore-finger and
snapping them loose in a direction perpendicular to the stalk. As sprouts were removed,
they were assessed using a numerical damage-rating system adapted from the Greene et
al. (1969) and Hutchison (2004) systems for P. rapae damage on cabbage. In this
numerical damage-rating system (see Fig. 6), 1 = No larval feeding, 2 = minor feeding on
wrapper or outer leaves totaling 1% of crop, no head damage, 3 = Moderate feeding on
outer or wrapper leaves with no head damage and 2-5% of leaf area eaten, 4 = Moderate
damage to outer or wrapper leaves with minor head damage and 1-10% of leaf area eaten,
5 = Moderate to heavy feeding on wrapper and head leaves and a moderate number of
head-scars with 11-30% of leaf area eaten, 6 = Considerable feeding on head and wrapper
leaves with numerous feeding scars and > 30% leaf area eaten. Vole damage was
recorded by the number of sprouts damaged per plant.

Total Brussels Sprouts Mass
Following removal from the stalk and the damage assessment, the total mass of
Brussels sprouts from each plant was recorded. Any sprouts damaged by voles that were
therefore unsalable irregardless of larval damage were omitted from all treatment totals.

Unsalable Brussels Sprouts Mass
Using a nearly identical 1-6 rating system on cabbage, Hines and Hutchison
(2001) found that crops rating 3 or less yielded marketable crop, while those rated 4+
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were unmarketable. Using these assertions as a guide, all sprouts that received a rating of
4-6 were separated and weighed separately with a digital scale to determine the mass of
the unsalable portion of the crop for each plant. This unsalable Brussels sprouts mass
was divided by the total Brussels sprouts mass for each plant, yielding a percentage of
unsalable Brussels sprouts mass that could be compared across treatments.
Analysis of this data set was completed using a Cross-Tab Chi-Square test. For
each treatment, all Brussels sprouts receiving a 1, 2, or 3 were summed together, as were
all sprouts receiving a 4, 5, or a 6. These sums were tested by descriptive analysis using
“1”(yes) and “0”(no) for marketability in the rows, and the three separate treatments in
columns of the Chi Square.
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Figure 6. Visual representation of numerical damage-rating system in Brussels sprouts. Damage in bottom row pictures has been outlined in red for
increased visibility. Single lines or circles, such as in pictures 2 and 3 indicate damage that affected one wrapper or outer leaf. Concentric circles such as
those in pictures 4, 5, and 6 indicate damage to two or more layers, indicating head damage. 1 = No larval feeding, 2 = minor feeding on wrapper or outer
leaves totaling 1% of crop, no head damage, 3 = Moderate feeding on outer or wrapper leaves with no head damage and 2-5% of leaf area eaten, 4 =
Moderate damage to outer or wrapper leaves with minor head damage and 1-10% of leaf area eaten, 5 = Moderate to heavy feeding on wrapper and head
leaves and a moderate number of head-scars with 11-30% of leaf area eaten, 6 = Considerable feeding on head and wrapper leaves with numerous feeding
scars and > 30% leaf area eaten.
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RESULTS

Farm-Wide ICW Lifecycles and Activity
The P. rapae population at Biodesign Farm produced two generations during the
growing season of 2006. Figure 1 shows the two population peaks within all three
lifecycle phases. The first generation of P. rapae, which peaked in adult presence on
June 6, was smaller than the second generation. The second generation of P. rapae
adults peaked on August 7, and exceeded the first generation by over 400%. These peaks
of adult activity were followed seven days later by a peak in egg presence during the first
generation, and coincided perfectly with the peak in egg presence during the second
generation. A third small peak of adults occurred on Sept 13, yet did not lead to any
significant increases in egg or larvae presence.

Pieris rapae Activity Levels
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Figure 7. P. rapae activity levels for three lifecycle phases: Egg, Larvae, and Adult. Egg and Larvae
activity correspond with the left Y-axis, and are expressed by the percentage of plants sampled that had
1+ larvae or eggs. Adult activity corresponds with the right-hand Y-axis, and is measured by the
number of P. rapae butterflies counted along the farm transect.
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ICW Larval Presence by Treatment
ICW larval activity differed between the two chemical treatment plots and the
control (see Fig. 8). The “threshold” treatment lacked all larval presence during two
separate three-week periods. The first occurred between 28 June and 19 July, while the
second larvae free period began 20 September and lasted until the end of the study. The
“control” plots also exhibited one period of zero larval presence, lasting one week
between 12 July and 19 July. The “calendar” plot had no periods during the study when
larval activity was at zero.
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Figure 8. Pieris rapae larval presence – comparison of the three treatments. Percentages represent the
average number of plants per plot in each treatment that had 1+ larvae present during sampling.

Arthropod Presence Compared Between and Within Treatments
The sweep net sampling data collected from the three sets of treatment plots is
expressed in Fig. 9. “Threshold” and “control” plot sweeps maintained similar numbers
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Figure 9. Sweep-net sampling data – a comparison of treatments using three separate graphs.
Y-axis indicates the number of arthropods captured in each plot, and X-axis values represent
sampling dates. Orange gridlines indicate the dates of insecticide-treatment applications.
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of individuals captured for all five arthropod groups measured. There was no statistically
significant difference between these two treatment groups. The “calendar” treatment,
however, was significantly different from both the “control” and the “threshold”
treatments.

Populations of all five arthropod groups were lower in the “calendar”

treatment than in the “control”. The most significant differences occurred during July
within populations of lady beetle larvae and syrphid fly larvae (each 500% lower in
“calendar” plots than “control” plots), and during late summer in minute pirate bug and
nabid bug populations (both approximately 50% lower in “calendar” plots than in
“control” plots) .
Within individual treatments, two arthropod groups exhibited clear multiple
generation peaks – and are evident in both the “threshold” and “control” treatment plots.
One was the nabid bug, which demonstrated peaks on 26 July and 20 September. The
other arthropod with multiple peaks was the lady beetle, which had its largest larvae
population peak on 12 July, and exhibited a second, smaller peak in mid-September.
Populations of spiders also fluctuated, yet because no particular species was isolated, no
separate generational peaks may be identified. The other arthropod groups sampled
exhibited population fluctuations, yet none was significant enough to ascertain
generational changes.

Pitfall Traps
After passing statistical checks for homogeneity of variance, one-way ANOVA
analysis indicated a significant difference (p<.001) between treatments. As demonstrated
in Table 1, the average numbers of carabid beetles and spiders captured in the “threshold”
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and “control” plots wer consistently greater than the number captured in “calendar”
treatments.

7/5/06
8/2/06
8/30/06
9/27/06

Threshold
2.75
2.5
2.5
3

Carabids
Control
3
2.5
2.25
2.75

Calendar
0.25
0.25
0.25
0.25

Threshold
7.75
7.5
8.25
9

Spiders
Control
8.25
9.5
9.75
9.5

Calendar
2.5
2.5
2.5
1.25

Table 1. Results of pitfall trap installations. Columns indicate the average number of spiders or carabid beetles
captured during the 7-day trap installations.

Larval Parasitism – Captive Larval Rearing
Of the 25 and 52 P. rapae larvae respectively collected on 28 June and 16 August,
zero showed indication of parasitism. 25 of 25 larvae collected on 28 June reached the
pupae stage, and all 25 emerged as live adults. 52 of 52 larvae collected on 16 August
also pupated and emerged from the rearing chambers as adults.

Of the 53 larvae

collected on 6 September, 100% reached pupation as well. None of this group, however,
emerged as adults. Each pupae in this group was examined with a 10x hand lens for
signs of parasitoid exit holes or activity, yet no evidence of parasitism was found.

Brussels Sprouts Leaf Damage
The larval damage to the Brussels sprouts foliage is shown in Figure 4. The
percentage of damaged leaves in the two chemical treatment plots was similar to those in
the “control” plots, and none exceeded 10% damage until the week of July 19. During
the 4-week period that followed the week of July 19, the “calendar”, “threshold”, and
“control” plots all displayed increases in foliar damage by more than 200%. The damage
within all plots did not differ with any significance until August 23. At this point, the
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Figure 10. Percentage of leaves damaged by Pieris rapae larval feeding – a comparison of the three
treatments.

“control” and “calendar” treatments continued to demonstrate similar levels of damage
while the “threshold” treatment diverged and exhibited a reduction in leaf injury.
The foliar-damage measurements taken at the point of plant harvest are displayed
below in Table 2. “Threshold” treatment plots had the lowest percentage of leaves
damaged with 11.7% of leaves showing some degree of larval feeding damage. These
were followed by the “control” plots with 27.3%, while the “calendar” plots exhibited the
highest percentage of leaves damaged at harvest with 33.3%.

Foliar
Damage
Threshold 11.7%
Control
27.3%
Calendar 33.3%

1
89.2%
68.1%
60.3%

2
5.9%
16.0%
17.5%

Sprout Damage Ratings
3
5
4
2.4%
1.3%
0.7%
6.7%
3.0%
2.7%
6.0%
4.1%
4.4%

6
0.4%
3.5%
7.6%

% of Crop Mass
Unsalable
2.7%
11.5%
20.2%

Table 2. Brussels sprouts leaf and sprout damages, as measured at the time of harvest. Foliar damage
is expressed as a percentage of the leaves on each plant that had some degree of larval feeding damage.
1-6 damage rating columns express the percentage of individual sprouts from the three treatments that
received each particular damage rating. The “% of crop mass unsalable” column indicates the
percentage of the total crop mass for each treatment that received a 4+ damage rating. Though
considered “unsalable” by market standards, sprouts damaged by voles were excluded from
measurement in all test plots.

46

One-Way ANOVA analysis indicated that the deviation between the three
treatments was highly significant (p<.001). Multiple comparison, post-hoc tests using
Tukey HSD also indicated a highly significant variation between the “threshold” plots
and the other two treatments (p<.001), as well as a significant variation between the
damage in the “control” plots and that of the “calendar plots” (p=.013).
Brussels Sprouts Crop Damage
The results of implementing the 1-6 damage rating system on harvested Brussels
sprouts are displayed in Table 2. Sprouts receiving a rating of 1, 2 or 3 were deemed to
be a marketable crop, while those receiving a rating of 4, 5, or 6 were considered
unsalable. The “threshold” treatment had the lowest percentage of unsalable material,
with 2.7% of the total crop mass that was not fit for sale.

“Control” plots had

significantly (p<.001) more unsalable sprouts than the “threshold” plots, averaging 11.5%
of the total crop per plant. “calendar” treatment plots also differed significantly (p<.001)
from the “control” plots, exhibiting the highest recorded average of 20.2% of the crop
being unfit for sale.
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DISCUSSION

ICW Activity
The imported cabbage worm, Pieris rapae, had two full generations on Biodesign
Farm during the summer of 2006. These are evident in Fig. 7 by the two spikes in adult
ICW population figures, which were followed by peaks in egg and larval presence. Of
these two, the first generation was much smaller than the second, consistent with
Dempster’s (1967) assertion that larval pressure is greatest during mid or late summer
generations.

The third small peak of P. rapae adult activity that occurred on 13

September may have two possible explanations. First, the peak may be attributed to a
source-sink relationship between Biodesign Farm and surrounding areas, and not to a
partial third generation. By planting several acres of brassica plants, the research site
may have attracted these P. rapae adults from surrounding areas where generational
phases were slightly out of sync with those at the research site. This would then lead a
late season rise in butterfly numbers. An alternate explanation, however, arises from the
larvae that were captured and reared for the parasitism investigation. The larvae captured
on 16 August - which hatched from eggs laid by ICW adults during the upswing of the
second generation population curve - all pupated and emerged as adults. The group of
larvae captured on 6 September – which hatched several weeks after the first group of
larvae (and on the downward side of the population curve) - remained in the pupae stage,
presumably to over-winter. The small, third peak of adults observed in September may
therefore have been due to the first group of early-pupating and emerging adults.
Regardless, no corresponding increases in egg or larval presence followed the third peak,
indicating that a full third generation did not occur.
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The peaks and valleys of P. rapae larval populations during this research created
periods of time when crop plants were relatively free from larval presence (note
specifically the period prior to 19-July in Fig. 7). These periods of minimal larval
activity correspond with periods of low crop damage, and thus producers may benefit
from timing certain crops to be grown and harvested during these periods. Understanding
these pest population fluctuations is an important piece of creating a viable IPM plan for
P. rapae in western Montana.

Beneficial Arthropods and Chemical Treatments
The sweep net sample data from the three treatment plots demonstrate the impact
of the two chemical treatments upon the populations of arthropod predators (Fig. 9). The
“control” and “threshold” plots expressed nearly identical arthropod populations,
indicating that the Bt chemical treatment had little or no effect on any of the arthropods
sampled.

The “calendar” plot, however, showed highly significant variations in

arthropod populations as compared to the “control”. Populations of nabid bugs, minute
pirate bugs, lady beetle larvae, syrphid fly larvae, and spiders within the “calendar” plots
were never recorded at levels equal to or greater that those of the “control” and
“threshold” plots, and were often significantly lower (Fig. 9). Arthropod populations also
regularly declined during the sampling period which followed the application of
pyrethrin/rotenone insecticides, and often took two weeks or longer for recovery to pretreatment numbers. These findings are consistent with Dempster (1968(2)), Clark et al.
(1997), Elzen (2001), and other research indicating that broad spectrum insecticides such

49

as the pyrethrin/rotenone blend can significantly reduce populations of beneficial
arthropods.
Pitfall traps are not necessarily an accurate indicator of population size, but rather
an indicator of arthropod activity level. Some species of ground beetles may actually
exhibit higher numbers in pitfall traps due to increased activity if applied pesticides reach
the ground level (Dempster 1968(2)). For this reason, pitfall trap data should be used
with caution, and only for comparison between treatments. Pitfall data indicated a much
lower level of activity for carabid beetles and spiders in the “calendar” plots as compared
to the other two treatments. While this does not necessarily indicate a large decrease in
carabid populations, it does suggest a decrease in ground beetle and spider activity levels
in the pyrethrin/rotenone treated plots. A more detailed examination of ground beetle and
spider mortality and dispersal following treatment would be necessary to determine if this
decrease resulted from arthropod evacuation or from death following insecticide
application.
There was no significant difference between the spiders or carabid beetle activity
in the “threshold” and “control” plots, indicating that Bt insecticide had little or no effect
upon their activity levels.

Larval Presence and Chemical Treatments
Larval presence varied across the three treatments, with the greatest difference
occurring after 26 July (Fig. 8). It was at this point that the “threshold” treatment
diverged from the other two, and with the exception of one sampling day (16 August) it
exhibited significantly (P<0.05) fewer larvae. Periods of time also occurred when zero
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larvae were present in the “threshold” treatment, while larvae were found concurrently in
the “control” and “calendar” plots. Presence of fewer larvae in “threshold” plots than in
“calendar” plots indicates that some factor within the threshold-based Bt applications was
more successful than the calendar-based pyrethrin/rotenone sprays for reducing P. rapae
larvae populations. The effectiveness of Bt (or the ineffectiveness of pyrethrin/rotenone),
however, cannot completely explain why P. rapae larval presence was higher in the
“calendar” plots than it was in the “control” plots.
Bt appeared to be a more effective insecticide than the pyrethrin/rotenone on P.
rapae in this study. This impact would be a primary effect of the insecticides, in which
more larvae were directly killed in the “threshold” than in the “calendar” plots. This
assertion is supported by the reduction of larvae that followed six of the seven
applications of Bt insecticide (the exception was 16 August), which maintained larval
numbers near or below those in the “control” plots (Fig. 8).

Peaks in the larval

populations of the “threshold” plots occurred only during population upswings as new
larvae were hatching, and quickly leveled off as these larvae contacted the Bt. The larvae
treated with the pyrethrin/rotenone contact-insecticide did not regularly decrease in
number following application, and actually increased on several occasions when overall
P. rapae larvae activity was actually decreasing.
It is likely that the “calendar” sprays removed/killed more predatory arthropods
than did the Bt or “control” plots, which is evident when comparing the graphs in Fig. 9.
This may have then triggered a trophic cascade – a secondary effect of the insecticide –
that removed natural predatory controls and led to an increase in larval populations.
Since “control” plots and “threshold” plots contained nearly identical beneficial
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arthropod populations, we can assume that levels of predation were similar between
them. The level of larval reduction in “threshold” plots, which exceeded the reduction in
“control” plots, may then be attributed to the positive primary effect of the Bt insecticide.
The “calendar” plots, however, showed higher levels of larval presence and lower levels
of beneficial arthropods. We can assume that there was no primary effect from the
pyrethrin/rotenone that increased pest numbers, so we therefore look to a secondary
effect in those plots. The drop in arthropod populations in “calendar” plots was the only
other recorded difference between them and the “control” plots. It follows, therefore, that
the reduction in arthropod populations might have been positively correlated to a
reduction in pest predation, and therefore negatively correlated to P. rapae larval
populations.
Other confounding factors may exist, of course, such as sampling effects,
unaccounted-for predators (arthropods or otherwise), or other controlling factors that
either limited P. rapae activity in the “threshold” and “control” plots, or that bolstered
activity in “calendar” plots.

Further research on these treatments - including several

seasons of data by which to compare them - is necessary to draw conclusions as to true
correlation between applied pyrethrin/rotenone insecticides, reduced arthropod predator
populations, and increased P. rapae larval presence.

Brussels Sprouts Leaf Damage and Chemical Treatments
Brussels sprouts leaf damage increased throughout the season for all three
treatments until mid-August, and showed the greatest gains during corresponding
population increases in P. rapae larvae (note the period of 19 July and 16 August in Figs.

52

7 and 10). By mid-summer, Brussels sprouts plants were adding 2-5 leaves per plant, per
week. This growth means that for damage percentages to increase, more leaves must
have been damaged by larvae than were added each week on each plant. A damage
percentage that held constant from one week to the next indicates that some leaves were
still being damaged, while others were being added and left untouched (i.e., 5 leaves
damaged out of 20 total leaves equals 25% damage; if four new leaves are added, and
one more is damaged, 6 leaves damaged out of 24 also equals 25% damage). Decreases
in leaf damage percentages indicate little or no larval feeding, as well as the addition of
new, undamaged leaves on each plant.
All three treatments showed sharp increases in leaf damage and P. rapae larval
presence, during which time all research plots far-exceeded accepted pest thresholds
(Hines and Hutchison, 2001) established for chemical control. This indicated that neither
of the chemical treatments, nor the “control” was able to prevent larval feeding during the
outbreak. One explanation for this lack of pest control is that new larvae hatched daily
during these pest outbreaks, and might have missed pyrethrin contact or the window of Bt
effectiveness. This may have occurred because pyrethrin/rotenone and Bt insecticides
break down rapidly in sunlight and water, usually within 24-48 hours (Casida and
Quistad 1995). When new larvae are hatching every day and pesticides are applied every
seven, there are at least four or five pesticide-free days during which larvae may feed.
A second explanation for the lack of P. rapae control during extreme population
increases may be connected to the population size and/or feeding habits of the predatory
arthropods within the system.

First, it is possible that insufficient populations of

predatory arthropods existed in any plot – including in the “control” plot - which could
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consume the rapidly increasing pest numbers. If such were the case, the predators present
would be consuming at their maximum level until new life-cycles of the current
arthropods gave rise to new generations. Minute pirate bugs and syrphid flies, for
instance, take 3-7+ days to pass from oviposition to a life stage where they can feed on
prey. Carabid beetles and spiders, however, may take several weeks or more. Second,
the very nature of the predatory arthropods sampled (i.e. generalist predators) may have
led to predation of many prey species other than P. rapae. Population curves in classic
one-predator/one-prey relationships often show a pair of offset curves (expressed by the
Lotka-Volterra model of interspecific competition), in which prey organisms show peaks
in their populations first. This is followed by a second peak, the predator population,
which requires the augmentation in food (prey) resources to fuel its own population
increase. Generalist predators, however, have many prey species to chose from, and thus
may not exhibit any direct relationships to one species or another if many are present.
While the diverse system in this study attracted many species of predatory arthropods, it
also attracted many other insects to various degrees. Though at relatively low population
levels, species of aphids (Aphidoidea:Hemiptera) lygus (Lygus spp., Miridae:Hemiptera)
and thrips (Thysanoptera) were observed within plots throughout the growing season.
These species may have provided an alternative or more easily-accessible food source for
the generalist arthropod predators as compared to P. rapae larvae.
More information is needed before connections can be made between these
different arthropod species, though these findings can inform the direction of future
research efforts.

Several more seasons of researching and tracking P. rapae and

predatory arthropod activity may yield important information about the interactions of
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generalist predator/prey lifecycles, and may determine whether a complex of generalist
arthropod predators can control a specific pest even when its populations are rapidly
increasing.
After the spike in leaf damage, the three treatments diverged. By comparing
larval presence data (Fig. 8) and damage data (Fig. 10), we can see that higher latesummer levels of larval presence in the “control” and “calendar” plots corresponded with
higher levels of continued leaf damage than in “threshold” plots. Again, it is clear that
leaf damage was reduced in the Bt treatment plots as compared to the increased damage
in pyrethrin/rotenone treatment plots. It is, however, difficult to discern without further
research which portion of this variation was truly correlated to the negative, secondary
effect of the pyrethrin/rotenone on the multi-species assemblage of predatory arthropods.

Brussels Sprouts Damage and Chemical Treatments
Damage to the Brussels sprouts crop varied between treatments in a way similar
to the end results of leaf damage assessments. “Threshold” plots had the least crop
damage, followed by the “control” plots, with “calendar” plots having the greatest
quantity of unmarketable crop. As evident in Table 2, “calendar” plots also yielded the
highest percentage of total sprouts ranking 4-6 (in the unmarketable range) for damage.
This indicates a greater percentage of sprouts within “calendar” plots that experienced
heavy feeding damage as compared to the other plots.
Because individual Brussels sprouts were not assessed for damage until harvest, a
progressive damage assessment cannot be made. For this reason, it is unknown when
damage took place or which arthropod predators were most active at that particular time.
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Instead, we may assert only that within this study the threshold-based Bt treatments
yielded significantly less crop damage than “control” plots, while bi-weekly
pyrethrin/rotenone treatments yielded significantly more damage than “control” plots.
This would indicate that when the predatory arthropods in this diversified system were
sprayed with the pyrethrin/rotenone (and thus significantly reducing their populations as
compared to the other plots), that an increased level or crop damage occurred as a result.
To determine which arthropod predators were most affected by the pyrethrin/rotenone
spray, or which species were most effective in controlling P. rapae in the “threshold” or
“control” plots will require future research.
Parasitism
The recorded rate of parasitism at Biodesign Farm during the 2006 season was
zero. While wasps were counted during sweep net sampling, their numbers varied
widely, and did not pass homogeneity of variance tests for any treatment.

No

identifications were made of wasps captured during sweep netting, because it was
anticipated that some fraction of larvae reared for parasitism rates would give rise to
identifiable specimens. Therefore, there is no way to determine which species of wasps
were being captured in sweep-net samples. Research has shown that the effectiveness of
parasitoids can be greatly reduced if they are distracted by other pests in the system
(Cardinale et al. 2003). It is unlikely in this case, however, due to the specialized nature
of C. glomeratus, and because no other comparable larval pests shared the research area
with the P. rapae larvae. It can only be determined, therefore, that specialized parasitoids
had no measured effect on P. rapae larvae, or on crop damage.
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Other Considerations
Several issues that were not included in the initial research questions arose during
the course of this research. These topics may provide insight into the practicality of this
research, and shall lead us finally to the conclusion and suggestions that have come out of
this study.

Chemical Treatment Practicality
It is clear by looking at the harvest data for unmarketable Brussels sprouts mass
that there was a significant difference between treatments (Table 2). The low level of
damage in the “threshold” treatment plots was the result of natural predatory control, as
well as seven applications of Bt insecticide over the course of the season. For this
research, Bt was applied at a rate of 6.5 m2 per minute, including mixing and cleanup,
with a cost of $0.0044 per m2 (price of Bt alone, no other costs considered). If this were
extrapolated out to a per-acre figure, it would cost $17.81 (with Bt priced at $3.85 per
kilo) and would take over 10 hours to treat each acre. Even if mechanized application
were used to save time (which would then cost more), this treatment would still represent
a significant time input.
It will be important for producers to begin looking hard at the quality of the
product that they wish to harvest, and how it matches their level of inputs. For example,
if Brussels sprouts will sell at the local Farmers Market with a moderate level of damage,
perhaps the added money and time spent applying Bt is not worth the 9% improvement in
crop marketability. If, however, a grower can find a price premium for unblemished
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sprouts that exceeds the level of input, perhaps this treatment does offer a financial
incentive for implementation.

Threshold Levels
This season, all of the treatment plots at Biodesign Farm greatly exceeded
accepted pest-threshold levels for at least seven weeks. Again, a grower will have to
consider the damage that results from a certain level of pest pressure, and determine
whether or not that level of presence truly leads to a corresponding level of damage.
Thresholds may be more effective as flexible guidelines to be modified for use in each
individual production system, so that the action taken matches the goals of the grower
and leads to the outputs that are desired.

No-Till Brussels Sprouts
The minimum-tillage system implemented in this study exhibited good population
sizes of beneficial arthropod predators. It is unknown how these arthropod counts would
have compared to bare-soil sweeps if a portion of the plots had been tilled clean before
planting, though prevailing literature would give a nod to the untilled plots (Thomas
1991, Clark et al. 1997,

Kinnunen et al. 2001

Denys and Tscharnke 2002).

Unfortunately, the per-plant harvest decreased by 35% in the minimum-till system as
compared to tilled systems on the farm in previous years.

This also agreed with

published reports that cropping systems with certain living mulches can see decreased
yields and lost crops that make increased arthropod populations a moot point in
production systems (Dempster 1969, Masiunas 1997).
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Our research indicated yield

reductions in the no-till living-mulch plots may have been attributable to lower soil
temperatures, slow mineralization of nitrogen, and slow root setting in the transplanted
seedlings due to low N:P ratios (see Figs. 11-14 in Appendix B). It should be noted that
test plots at the same research site which contained minimum-tillage management with
the same living-mulch produced yields that met or exceeded those of tilled plots in other
seasons.
The initial control of the T. pretense with the flaming device was successful, yet
became difficult as the clover grew faster and taller than the Brussels sprouts seedlings.
The red clover required large quantities of water to grow and be maintained, which ruled
out the possibility of using drip irrigation. Voles were a significant pest in this system, as
they found copious refuge from predators under the cover of the living mulch. Vole
impact was the greatest early in the season, as entire vegetable seedlings were lost due to
chewing at ground level. Later in the season, voles damaged the lower rows whorls of
sprouts on each stem (which happen to be the largest ones), averaging 2.5 lost sprouts per
plant. The negative effects in this system may be reduced by using a different species of
living-mulch such as a lower growing white clover (T. repens), changing mulch
management to reduce cover for pests such as voles, or .experimenting with minimumtillage + a living mulch so that it is near the crop plants but not under them.
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CONCLUSION

We conclude here, at the terminus of this research, that the three treatments had
varying affects upon the activity and presence of P. rapae, as well as on the populations
of arthropod predators. Plots treated with Bt had the lowest level of crop and plant
damage, and showed no negative impacts on the populations of beneficial arthropods.
The unsprayed “control” plots also had low levels of crop damage and had predatory
arthropod populations equivalent to those in Bt plots. Plots treated with a
pyrethrin/rotenone spray, however, had the highest levels of plant and crop damage in the
study, and also had the lowest levels of arthropods sampled. These results agree with
suggestions by Dempster (1968(a), 1968(b)) that broad-spectrum insecticide applications
aimed at P. rapae may significantly reduce populations of predatory arthropods within
the system. There is a strong indication that the reduction in arthropods was a primary
effect of the applied pyrethrin/rotenone sprays, which then led to the secondary effect
ofpe reduced predation and increased pest presence.

From this we conclude that

pyrethrin/rotenone sprays are less effective in controlling P. rapae larvae than Bt, and
that our results confirm previously published assertions that the use of pyrethin/rotenone
sprays is incompatible with IPM programs that include arthropod predators. Calendar
applications of pesticides did not reduce P. rapae larval populations as compared to
unsprayed control plots, thus we conclude that this technique of chemical pest control is
unadvisable for this crop pest.
All of the predators found in this study were generalists, and appear to have
contributed a measurable amount of pest control. Parasitoids played no appreciable part
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in control of P. rapae larvae in any of the areas sampled. Producers would do well to
encourage both generalists and specialists in their systems, as generalists may help
control multiple pest species while specialists may help to reduce the time-lag between
the rapid increase in pest populations and the response of biological controls. More
research must be undertaken on these complex systems if we are to understand the
relationships between a pest and an assemblage of arthropod predators such as these.
Multiple seasons of data collection may well highlight connections between the lifecycles
of arthropod predators and a specific prey species.
The diverse farmscape examined here did, in fact, produce a varied population of
arthropod predators that seem to have helped reduce P. rapae larval populations and
damage in plots unsprayed by broad-spectrum insecticides. It is impossible to determine
the exact cause and effect relationships between individual pieces of the diverse
farmscape and arthropod predators studied here. However, by comparing published
research on individual portions of the system - such as flowering hedgerows increasing
arthropod populations (Thomas 1991, Denys and Tscharnke 2002) and reduced tillage
and grassy banks encouraging ground beetles (Clark et al. 1997, Kinnunen et al. 2001) –
we can see that many different components of the farmscape may have played a role.
Further research on complete systems such as this, as opposed to research on individual
structures (i.e. one hedgerow, one grassy bank) in otherwise conventional fields, may
broaden our understanding of the complex interactions that occur in real, diverse
agroecosystems.
Farmers in western Montana may see benefits in reduced crop damage by timing
their brassica crops according to generational peaks of crop pests. Prior to 26-July, pest
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levels were insufficient to create any economic damage, while after that date the larvae of
the pest was observed in high numbers. With an understanding of when the pest may
exhibit the highest population levels, a producer may choose crops such as early season
broccoli or other short-season brassica plants that will be harvested before the pest may
damage them.
The successful pest control achieved in this study was countered by a 35%
reduction in yield over tilled plots in previous years. Competition for resources between
the crop plants and the living-mulch appears to have been an important limiting factor.
Future research should focus on designing a system that affords the benefits of a dense
no-till living-mulch, while allowing for the crop plants to acquire resources as readily as
they can in bare-soil, conventionally tilled plots.

62

REFERENCES

Akol A.M., P.G.M. Njagi, S. Sithanantham, J.M. Mueke. 2003. Effects of two neem
insecticide formulations on the attractiveness, acceptability and suitability of
diamondback moth larvae to the parasitoid, Diadegma mollipla (Holmgren)
(Hym., Ichneumonidae). Journal of Applied Entomology, 127(6), 325-331.
Al-Deeb, M.A., G.E. Wilde, R.A. Higgins. 2001. No Effect of Bacillus thuringiensis
Corn and Bacillus thuringiensis on the Predator Orius insidiosus (Hemiptera:
Anthocoridae). Environmental Entomology. 30(3), 625-629.
Altieri, M.A., A. van Schoonhoven, J.D. Doll. 1977. The ecological role of weeds in
insect pest management systems: a review illustrated with bean (Phaseolus
vulgaris L.) cropping systems. P.A.N.S.. 23, 195-205.
Altieri, M.A. and Schmidt, L.L. 1986. Cover crops affect insect and spider pop. in
orchards. Calif. Agr. 40(1,2) 1S-17.
Altieri, M.A. 1984. Patterns of insect diversity in monocultures and polycultures of
Brussels sprouts. Prot. Ecol. 6, 227-232.
Altieri, M.A. 1999. The ecological role of biodiversity in agroecosystems. Agriculture,
Ecosystems, and Environment. 74, 19-31.
Altieri, M.A. and D.K. Letourneau. 1982. Vegetation management and biological control
in agroecosystems. Crop Protection. 1, 405-430.
Altieri, M.A. and D.K. Letourneau. 1984. Vegetation diversity and insect pest outbreaks.
CRC Critical Reviews in Plant Science. 2, 131-169.
Altieri, M.A. and W.H. Whitcomb. 1979. The potential use of weeds in manipulation of
beneficial insects. Hortscience. 14, 12-18.
Andow, D.A., 1991. Vegetational diversity and arthropod diversity response. Annual
Review of Entomology. 36, 561-586.
Antonelli, Arthur L. 1987. “Insect Answers EB1414: Caterpillar Pests of the Cabbage
Family”. Cooperative Extension, College of Agriculture and Home Economics,
Washington State University, Pullman.
Antonelli, Arthur L. 1993. Predacious Ground Beetles. Washington State University.
Extension Bulletin 1447. Retrieved on 11/13/2006.
Available at: gardening.wsu.edu/library/inse002/inse002.htm

63

Atthowe, H. 1996. “Managing a living mulch system in an intensive organic vegetable
cropping operation to enhance weed, nutrient, and pest management.” USDA,
Western Region, SARE Report.
Ashby, J.W. 1974. “”A Study of Arthropod Predation of Pieris rape L. Using Serological
and Exclusion Techniques.” Journal of Applied Ecology. 11(2), 419-425.
Askari, A. and Stern, V.M. 1972 Biology and feeding habits of Orius tristicolor
(Hemiptera: Anthocoridae), Ann. Ent. Soc. of America. 65(1), 96-100.
Baird, C.R. and H.W.Homan. 1996. Idaho Insect Control Recommendations for Alfalfa
Seed Production. Univ. Idaho CES-AES No. CIS 231.
Banken, J.A.O. and J.D. Stark 1998. Multiple routes of pesticide exposure and the risk of
pesticides to biological controls : A study of neem and the sevenspotted lady
beetle (Coleoptera: Coccinellidae. Journal of Economic Entomology. 91(1), 1-6
Beck, N.G., P.J. Cameron. 1992. “Developing a reduced spray program for Brassicas
in New Zealand” In: TALEKAR NS ed. 1992. Diamondback moth and other
crucifer pests. Proceedings of the second international workshop, Tainan,
Taiwan, 10 - 14 December 1990. AVRDC. AVRDC Publication no. 92-368.
Benson, J. et al. 2003. “Introduced braconid parasitoids and range reduction of a native
butterfly in New England” Biological Control. 28, 197-213
Beugnet, F. et al. 1995. Tick resistance to pyrethroids in New Caledonia. Vet. Parasit.
56(4), 325.
Bockus, W.W., J.P. Shroyer. 1998. The impact of Reduced Tillage on Soilborne
Pathogenss. Annual Review of Phytopathology. 36, 485-500.
Bottenburg, H. et al. 1997. “Yield and quality constraints of cabbage planted in rye
mulch.” Biological Agriculture and Horticulture. 14, 323-344
Boucher, J.T.. 1995. Cole Crop Worms (Caterpillar Pests). Proceedings of 1995 New
England Vegetable and Berry Conference and Trade Show. December 12-14,
1995, Sturbridge Host Hotel, Sturbridge, MA. Pp. 96-99
Bukovinszky, T., et al. 2004. Plant competition in pest-suppressive intercropping
systems complicates evaluation of herbivore responses. Agriculture, Ecosystems,
and Environment. 102, 185-196.
Caldwell, B., E.B. Rosen, E. Sideman, A.M. Shelton, C.D. Smart. 2005. Resource
Guide for Organic Insect and Disease Management. Cornell University, New
York.

64

Cameron, P.J., G.P. Walker. 2002. Field evaluation of Cotesia rubecula
(Hymenoptera:Braconidae), and introduced parasitoid of Pieris rapae
(Lepidoptera:Pieridae) in New Zealand. Environmental Entomology.
31(2), 367-374.
Capinera JL. 2001. Handbook of Vegetable Pests. Academic Press, San Diego. 729 pp
Casida, J. E., ed. 1973. Pyrethrum, The Natural Insecticide. Academic Press, New York
Casida, J. E. and G. B.Quistad, eds. 1995. Pyrethrum Flowers - Production, Chemistry,
Toxicology, and Uses. Oxford University Press, Oxford.
Chaney, W.E. et al 2003. C IPM Pest Management Guidelines: Cole Crops UC ANR
Publication 3442
Class,T.J. 1992. Environmental analysis of cypermethrin and its degradation products
after forestry applications. Int. J. Environm. Anal. Chem. 49(4) 189.
Collier, T., R Van Steenwyk. 2004. A Critical Evaluation of Augmentative Biological
Control. Biological Control. 31, 245-256.
Coleman, R.A., A.M. Barker, M. Fenner 1999. Parasitism of the Herbivore Pieris
brassicae L. (Lep., Pieridae) by Cotesia glomerata L. (Hym., Braconidae) does
not benefit the host-plant by reduction of herbivory. Journal of Applied
Entomology. 123, 171-177.
Cortesero, A.M., J.O. Stapel, W.J. Lewis. 2000. Understanding and manipulating plant
attributes to enhance biological control. Biological Control. 17, 35-49.
Cox, Caroline. 1998. “Insecticide Factsheet – Permethrin.” Journal of Pesticide Reform.
Summer 18(2).
Cox, Caroline. 2002. Insecticide Factsheet – Pyrethrins/Pyrethrum. Journal of Pesticide
Reform. Spring 22(1).
Cranshaw, W. 1998. Pests of the West. Fulcrum Publishing, Golden, Co.
Denys, P. And T.Tscharntke. 2002. “Plant-insect communities and predator-prey ratios in
field margins, adj. crop fields and fallows.” Ocecologia. 130, 315-324.
Dempster, J.P. 1967. The control of Pieris rapae with DDT I. The Natural Mortality of
Young Stages of Pieris. Journal of Applied Ecology. 4(2), 485-500.
Dempster, J.P. 1968(a). The control of Pieris rapae with DDT II. Survival of Young
stages of Pieris after spraying. Journal of Applied Ecology. 5(2), 451-462.

65

Dempster, J.P. 1968(b). The control of Pieris rapae with DDT III. Some Changes in the
Crop Fauna. Journal of Applied Ecology. 5(2), 463-475.
Dempster, J.P. 1969. “Some effects of weed control on the numbers of the small
cabbage white (Pieris rapae) on Brussels sprouts”. Journal of Applied Ecology.
6(2), 339-345.
Dreistadt, S.H., M.L. Flint. 1996. Melon aphid (Homoptera: Aphididae) control by
inundative convergent lady beetle (Coleoptera: Coccinellidae) release on
chrysanthemum. Environmental Entomology. 25(3), 688-697.
Elzen, G.W. 2001. Lethal and Sublethal Effects of Insecticide Residues on Orius
insidiosus (Hemiptera: Anthocoridae) and Geocoris punctipes (Hemiptera:
Lygaeidae). Journal of Economic Entomology. 94(1), 55-59.
Extoxnet 1994. Pyrethrins And Pyrethroids. Pesticide Information Profiles. Extension
Toxicology Network.
Finch, S., M. Kienegger. 1997. “ A behavioral study to help clarify how undersowing
with clover affects host-plant selection by pest insects of brassica crops.”
Entomologia Experimentalis et Applicata. 84, 165-172.
Flint M. L., R. van den Bosch. 1981. Introduction to integrated pest management.
Plenum, New York.
Flint, M.L., S.H. Dreistadt. 2004. Natural Enemies Handbook – The Illustrated Guide to
Biological Pest Control University of California Press.
Frampton, G.K., T. Cilgi, G.L.A. Fry, S.D. Wratten 1994. Effects of grassy banks on the
dispersal of some carabid beetles (Coleoptera: Carabidae) on farmland. Biological
Conservation. 71(3), 347-355.
Francis, C.A., 1995. “Credibility of on-farm research in future information networks.”
Detail from the Symposium on Alternative Approaches to On-Farm Research and
Technology Exchange, Seattle, WA.
Freund, R.L., K.L. Olmstead. 2000. Role of Vision and Antennal Olfaction in Habitat
and Prey Location by Three Predatory Heteropterans. Environmental
Entomology. 29(4), 721-732.
Geervliet, J.B.F., et al. 2000. Coexistence and niche segregation of field populations of
the parasitoids Cotesia glomerata and C. rubecula in the Netherlands: predicting
field performance from laboratory data. Oecologia. 124, 55-63.

66

Giroux, S., D. Coderre, C. Vincent, and J.-C. Cote. 1994. Effects of Bacillus thuringiensis
var. san diego on predation effectiveness, development and mortality of
Coleomegilla maculata lengi (Col.: Coccinellidae) larvae. Entomophaga 39(1),
61-69.
Godfray, H.C.J., 1994. Parasitoids: Behavioral and Evolutionary Ecology. Princeton
Universty Press, Princeton, New Jersey.
Godin C, Boivin. 1998. Lepidopterous pests of Brassica crops and their parasitoids in
southwestern Quebec. Environmental Entomology. 27(5), 1157-1165.
Greene, G.L., W.G. Genung, R.B. Workman and E.G. Kelsheimer. 1969. Cabbage
looper control in Florida – a cooperative program. Journal of Economic
Entomology. 62, 798-800
Greene, G.L. 1972. Economic damage thresholds and spray interval for cabbage looper
control on cabbage. Journal of Economic Entomology. 65: 205-208
Grossman, J. And W. Quarles. 1993. Strip intercropping for biological control. The IPM
Practitioner. 15, 1-11.
Gurr, G.M., Wratten, S.D. & Altieri, M.A. (eds) (2004) Ecological engineering for pest
management: advances in habitat manipulation for arthropods. CSIRO Press.
Collingwood, CA.
Harvey, JA. 2000. Dynamic effects of parasitism by an endoparasitoid wasp on the
development of two host species: implications for host quality and parasitoid
fitness. Ecological Entomology. 25, 267-278.
Harwood, J.D., W.G. Wallin, J.J. Obryki. 2005. Uptake of Bt endotoxins by nontarget
herbivores and higher order arthropod predators: molecular evidence from a
transgenic corn agroecosystem. Molecular Ecology. 14, 2815-2823.
Hemingway, J. 2002. An Overview of Insecticide Resistance. Science. 298(5591), 9697.
Hines, R.L., W.D. Hutchison. 2001. Evaluation of action thresholds and Spinosad for
Lepidopteran pest management in Minnesota cabbage. Journal of Economic
Entomology. 94(1),190-196.
Hoitink, H.A.J., A.G. Stone, D.Y. Han. 1997. Suppression of plant diseases by compost.
Hortscience. 32, 184-187.
Hoffman, M.P., A.C. Frodsham. 1993. Natural Enemies of Vegetable Insect Pests.
Cooperative Extension, Cornell University. Ithaca, New York.

67

Hollingsworth, C.S.. 2006. Insect Management Handbook, Pacific Northwest. Oregon
State University, Corvallis, OR.
Hooks, C.R.R., M.W. Johnson. 2003. Impact of agricultural diversification on the insect
community of cruciferous crops. Crop Protection. 22, 223-238.
Hooks, C.R.R., R.R. Pandey, M.W. Johnson. 2003. Impact of avian arthropod predation
on lepidopteran caterpillar densities and plant productivity in an ephemeral
agroecosystem. Ecological Entomology. 28, 522-532.
Idris AB, E. Grafius. 1996. Effects of wild and cultivated host plants on oviposition,
survival, and development of diamondback moth (Lepidoptera: Plutellidae) and
its parasitoid Diadegma insulare (Hymenoptera: Ichneumonidae).
Environmental Entomology. 25(4), 825-833.
James, RR., J.C. Miller, B. Lighthart. 1993. Bacillus thuringiensis var. kurstaki affects a
beneficial insect, the cinnabar moth (Lepidoptera: Arciidae). Journal of
Economic Entomology. 86(2), 334-339.
Jervis, M.A., J.C. Lee, G.E. Heimpel. 2004. Use of behavioral and life-history studies to
understand the effects of habitat manipulation. Pp 65-100. In Ecological
Engineering for Pest Management Comstock Publishing. Ithaca, New York.
Jones, R.E. 1987. Ants, Parasitoids, and the cabbage butterfly Pieris rapae. Journal of
Animal Ecology. 56, 739-749.
Kinnunen, H. et al. 2001. Farmland carabid beetle communities at multiple levels of
spatial scale. Ecography. 24(2), 189-197.
Knutson A.. 1998. The Trichogramma manual. B-6071. Texas Agriculture Extension
Service Texas A&M University System, College Station, TX
Lattin, J.D. (1989). Bionomics of the Nabidae. Ann. Rev. Entomol. 34, 383-440.
Lefroy, E. C., R.J Hobbs, and J.S. Pate. 1999. Agriculture as a mimic of natural
ecosystems. Kluwer Academic Publ.
Lewis,W., J. Stapel, and K. Takasu. 1998. “Understanding how parasitoids balance food
and host needs: importance to biological control”. Biological Control. 11, 175183.
Loseva, O., Ibrahim, M., Candas, M., Koller, N., Bauer, L. A., and Bulla, L. A., Jr.
(2001) Changes in protease activity and Cry3Aa toxin binding in Colorado potato
beetle: implications for insect resistance to Bacillus thuringiensis toxins. Insect
Biochem. Mol. Biol. 32, 567 –577.

68

Lu YC, Watkins KB, Teasdale JR, et al. 2000. Cover crops in sustainable food
production. Food Reviews International. 16(2), 121-157.
Lundgren, J.G., G.E. Heimpel, S.A. Bomgren. 2002. Comparison of Trichogramma
brassicae (Hymenoptera: Trichogrammatidae) augmentation with organic and
synthetic pesticides for control of cruciferous Lepidoptera. Environmental
Entomology. 36(6), 1231-1239.
Lyon W.F., F.F. Purrington. Ground Beetles. Ohio State University Extension Fact Sheet
HYG-2102-93. Ohio State University, Columbus, Ohio. Retrieved on
11/13/2006. Available at: ohioline.osu.edu/hyg-fact/2000/2102.html
Maltais, P.M., J.R. Nuckle, P.V. Leblanc. 1998. “Economic threshold for three
Lepidopterous larval pests of fresh-market cabbage in southern New Brunswick.”
Journal of Economic Entomology. 91(3), 699-707.
Moss, J.E. 1933. The natural control of cabbage caterpillars, Pieris spp. The Journal of
Animal Ecology. 2(2), 210-231.
Muggeridge, J. 1942. “The White Butterfly (Pieris rapae L.).” New Zealand. Journal.
Science & Tech. 24, 107-129.
Naranjo, S.E.. 2005. Long-Term Assessment of the Effects of Transgenic Bt Cotton on
the Abundance of Nontarget Arthropod Natural Enemies. Environmental
Entomology. 34(5), 1193-1210.
Nester, E., Thomashow, L. S., Metz, M., and Gordon, M. (2002) 100 Years of Bacillus
thuringiensis: A Critical Scientific Assessment, American Academy of
Microbiology, Washington, D.C..
Noetzel, D., M. Ricard. 1989. Control of imported cabbageworm and cabbage looper
using pyrethrin, rotenone, or Asana with of without one of four "synergists".
Insecticide and Acaricide Tests. 14, 96-97.
NRC, 1996. Defining and implementing ecologically based pest management. p. 42- 68
in: Ecologically Based Pest Management. National Academy Press, Washington,
D.C..
Odum, H.T.. 1962, "Man and Ecosystem" Proceedings, Lockwood Conference on the
Suburban Forest and Ecology. Bulletin Connecticut Agricultural Station.
Opler, P. A. and G. O. Krizek. 1984. Butterflies east of the Great Plains.
Johns Hopkins University Press, Baltimore. 294 pages.
Opler, P. A. and V. Malikul. 1992. A field guide to eastern butterflies.
Peterson field guide #4. Houghton-Mifflin Co., Boston. 396 pages.

69

Pfiffner, L. 2000. Significance of organic farming for invertebrate diversity
enhancing beneficial organisms with field margins in combination with organic
farming. Res. Inst. Org. Agriculture, Switzerland.
Pimentel, et. al, 2000. “Economic and Environmental Threats of Alien Plant, Animal,
and Microbe Invasions.” Agriculture, Ecosystems, and Environment. 84, 1-20.
Pimentel, D.S., P.H.Raven 2000. Bt Corn Pollen Impacts on Nontarget Lepidoptera:
Assessment of Effects in Nature. Proc. Natl. Acad. Sci. USA. 97(15), 81988199.
Rangaswamy,V., Venkateswarlu,K.. 1993. Ammonificarion and nitrification in soils,
and nitrogen fixation by azospirillium sp. as influenced by cypermethrin and
fenvalerate, Agricult. Ecosyst. Environment. 45, 311-317.
Rebek, E.J., C.S. Sadof, L.M. Hanks. 2005. Manipulating the abundance of natural
enemies in ornamental landscapes with floral resource plants. Biological Control.
33, 203-216.
Richards OW. 1940. “The biology of the small white butterfly (Pieris rapae), with
special reference to the factors controlling its abundance.” Journal of Animal
Ecology. 9, 243-288.
Schmidt, G.D., Roberts, L.S., 2005. Foundations of Parasitology. McGraw-Hill, New
York, NY. 625-635.
Schellhorn, N.A., V.L. Sork. 1997. The impact of weed diversity on insect population
dynamics and crop yield in collards, Brassica oleraceae (Brassicaceae).
Oecologia. 111, 233-240.
Schmidt, M.H. 2003. Relative importance of predators and parasitoids for cereal aphid
control. Proceedings of the Royal Society of Biological Sciences. 270(1527),
1905-1909.
Schmaedick, M.A., A.M. Shelton. 1999. Experimental evaluation of arthropod predation
on Pieris rapae (Lepidoptera: Pieridae) eggs and larvae in cabbage.
Environmental Entomology. 28(3), 439-445.
Schmaedick, M.A., A.M. Shelton. 2000. Arthropod predation in cabbage (Cruciferae)
and their potential as naturally occurring biological control agents for Pieris
rapae (Lepidoptera: Pieridae). The Canadian Entomologist. 132, 655-675.
Siemann, E., D. Tillman, J. Haarstad, M. Ritchie. 1998. Experimental test of the
dependence of arthropod diversity and plant diversity. The American Naturalist.
152, 738-750.

70

Siemann, E. 1998. Experimental tests of effects of plant productivity and diversity on
grassland arthropod diversity. Ecology. 79(6), 2057-2070.
Singh, S.R., K.F.A. Walters, G.R. Port, Northing P 2004. Consumption rates and
predatory activity of adult and fourth instar larvae of the seven spot ladybird,
Coccinella septempunctata (L.), following contact with dimethoate residue and
contaminated prey in laboratory arenas. Biological Control. 30(2), 127-133.
Smith, S.F., V.A. Krischik 2000. Effects of biorational pesticides on four coccinellid
species (Coleoptera : Coccinellidae) having potential as biological control agents
in interiorscapes. Journal of Environmental Entomology. 93(3), 732-736.
Snyder W.E., A.R. Ives. 2002. Interactions Between Specialist and Generalist Predators:
Parasitoids, predators, and pea aphid biocontrol. Ecologgy. 84(1), 91-107.
Stone A.G., G.E. Vallad, L.R. Cooperband, D. Rotenberg, H.R. Darby, R.V. James, W.
Stevenson, R.M. Goodman. The effect of organic amendments on soil-borne and
oliar diseases in field-grown snap bean and cucumber. Plant Disease. 2003.
87, 1037–1042.
Stubbs, T.L., A.C. Kennedy, W.F. Schillinger. 2004. Soil Ecosystem Changes During
the Transition to No-till Cropping Journal of Crop Improvement. 11, 105-135.
Symondson, W. O. C., K.D. Sunderland, H.M. Greenstone. 2002. Can generalist
predators be effective biocontrol agents? Annual Review of Entomology. 47,
561–594.
Thomas, M. B., Wratten, S. D. & Sotherton, N. W. 1991. Creation of 'island' habitats in
farmland to manipulate populations of beneficial arthropods, predator densities
and emigration. Journal of Applied Ecology. 28, 906-17.
Thomas, M.B., S.D. Wratten and N.W. Sotherton. 1992. Creation of island habitats in
farmland to manipulate populations of beneficial arthropods. Journal of Applied
Ecology. 29, 524-531.
Van Nouhuys S, Via S 1999 “Natural selection and genetic differentiation of behaviour
between parasitoids from wild and cultivated habitats.” Heredity 83, 127-137.
Vos M, Hemerik L 2003. “Linking foraging behavior to lifetime reproductive success for
an insect parasitoid: adaptation to host distributions.” Behavioral Ecology. 14(2),
236-245.
Wäkers, F.L.. 2004. Assessing the suitability of flowering herbs as parasitoid food
sources: flower attractiveness and nectar accessibility. Biological Control. 29(3),
307-314.

71

Weaver, S.E. 1984. Critical period of weed competition in three vegetable crops in
relation to management practices. Weed Res. 24, 317-325.
Wisconsin Fast Plants Program (WFPP). Investigating Life with the Cabbage White
Butterfly and Brassicas in the Classroom, WFP-072402. Retrieved 10/2006.
http://www.fastplants.org/pdf/activities/Butterfly_Activity.pdf
Wisniewska J., R.J. Prokopy 1997. Pesticide effect on faunal composition, abundance,
and body length of spiders (Araneae) in apple orchards. Environmental
Entomology. 26(4), 763-776.
Williams T., J. Valle, E. Viñuela 2003. Is the Naturally Derived Insecticide Spinosad®
Compatible with Insect Natural Enemies? Biocontrol Science and Technology.
13(5), 459-475.
Winston, M.L. 1997. “A pestiferous world” Nature Wars. Harvard University Press,
Cambridge, MA. pp1-18.
Wold-Burkness SJ, Hutchison WD, Lee JC, et al. 2005. “A long-term survey of
parasitoid species composition and parasitism of Trichoplusia in (Lepidoptera :
Noctuidae), Plutella xylostella (Lepidoptera : Plutellidae), and Pieris rapae
(Lepidoptera : Pieridae) in Minnesota cabbage.” Journal of Entomologcal Science
40(2), 211-221.
Yamamura, K. 1999. Relation between plant density and arthropod density in cabbage
fields. Res. Population Ecology. 41, 177-182.

72

APPENDIX A
Biology, Lifecycle, and IPM considerations for Predators and Parasitoids

Syrphid Fly Larvae (Family Syrphidae)
Syrphid flies, also known as hover flies, are most often seen in their adult stages
during warm season months. The adults resemble bees or wasps – though lacking
stingers - and often hover in the air around flowers and nectar sources in search of food.

Life Cycle
Female adult syrphid flies lay their eggs singly or in small groups on the leaves or
shoots of plants. Often, these sites of oviposition are located among or very near aphid
colonies. Eggs hatch quickly, usually within 48-72 hours, at which time the small,
emergent maggots will range around plant surfaces in search of prey. The predacious
larvae feed heavily for one or two weeks on aphids, early instars caterpillars, and other
small insects. Ashby (1974) found that syrphid larvae will kill and consume ICW larvae,
though only at prey sizes smaller than third-instar. The larvae will pupate on or near the
plants where they feed, giving rise to adult syrphid flies in one or two more weeks.
Depending upon climate and food sources, syrphids can have as few as two or as many as
seven generations each year.

Pesticides and Habitat Disturbance
Syrphids are succeptible to broad-spectrum insecticides, especially in their larval
stages when movement or escape is difficult or impossible. In a three year study of short-
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term insecticide impacts, Jansen (2000) found that syrphid larvae numbers were reduced
by several different insecticides. Spinosad, an insecticide gaining popularity in ICW
control , is also toxic to syrphid fly larvae (Chaney 2003).

Ground Beetle (Coleoptera, Carabidae)
Ground beetles (family Carabidae) collectively encompass over 2500 known
species of North American terrestrial beetles. Often referred to simply as “Carabids” or
“Carabid Beetles”, these beetles are some of the largest predatory insects found in
agricultural systems (12-35mm in length) (Antonelli 1993). Though nearly all species
are nocturnal, adults are often seen moving during daylight hours when their habitat is
disturbed (Lyon).

Life Cycle
The eggs of most ground beetles are laid singly or in small clusters on or slightly
below the surface of the soil.

Eggs hatch within 5-7 days, giving rise to slender,

segmented larvae with powerful jaws. Depending upon the species, larvae will proceed
through 2-4 instars while feeding underground. Pupation occurs within the soil as well,
and gives rise to emergent adults in 5-7 days. Most species in North America will take a
full year to complete the cycle from egg to adult, though conditions that are unusually
harsh may extend this period to 2-3 years in length (Lyon, Antonelli 1993). Adult ground
beetles are truly generalist predators, feeding on a wide array of insect eggs, larvae, and
adults, as well as on some plant matter. Population levels of ground beetles have been
positively associated with levels of pest control and prey removal (Lovei and Sunderland
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1996; Menalled, Lee and Landis 1999, Lee, Menalled and Landis 2001), and have been
shown to consume P. rapae larvae (Dempster 1968(2), Ashby 1974). Adults may live for
one year or longer, depending upon species and environment (Lyon).

Pesticides and Habitat Disturbance
Ground beetles are highly susceptible to broad spectrum insecticides. Dempster
(1968(2)) in his study of the effects of the broad spectrum insecticide DDT, showed a
reduction in the population of beetle larvae and adults following pesticide applications.
The use of specific toxins such as Bacillus thuringensis (Bt) for caterpillar pests can
prevent the unintentional killing of these beneficial predators (Antonelli 1993).

In

addition to pesticides, disturbance from agricultural practices such as tillage and mowing
may also displace or reduce carabid populations (Clark et al. 1997). Kinnunen et al.
(2001) have indicated that each of these populations of carabid beetles may be localized
and unique in agricultural systems. Untilled or undisturbed areas along field borders or
within fields can slow carabid dispersal, and may thus increase these populations in some
areas by increasing shelter, food sources, and niches. To maximize the beneficial effects
of carabid beetles, landscapes must then be varied so as to maintain areas of refuge while
still allowing for dispersal (Frampton et al. 1994). This would maintain healthy
populations and also allow carabids to search for prey (i.e. pests) across the agricultural
landscape.
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Nabid/Damsel Bug (Nabis spp., Hemiptera: Nabidae)

The Nabid or “damsel” bug is a part of the family Nabidae, which includes 39
genera and 380 species worldwide, and approximately 34 species occurring in North
America. Resembling a small preying mantis, they range in size from 0.25”-0.50”, and
have fully-developed wings for flight (Lattin 1981). Nabids also possess long antennae,
which play a large role in the search and acquisition of their prey (Freund 2000).

Life Cycle
Adult females oviposit eggs into the tissues tissue growing plants. Nymphs hatch
quickly, and follow the simple metamorphosis that is characteristic of all Hemiptera. The
wingless nymphs molt 3-5 times, ultimately emerging from their final instar as winged
adults.

This process takes approximately 50 days to complete, but will vary with

temperature and resource availability. Adult or final instar stages are the most common
for over-wintering (Lattin 1981).

Adults are acknowledged as efficient generalist

predators, feeding on the eggs, small larvae, and adults of aphids, lygus, and other known
agricultural pests, including P. rapae. Using their strong forelegs - similar to those of the
praying mantis - nabids grasp their prey securely while using their rostrum (a 4segmented piercing, sucking mouthpiece) to consume the soft insides of their prey. They
have been shown to be extremely effective in consuming ICW larvae (Dempster 1967,
Schmaedick and Shelton 1999), and are one of the few effective predators when P. rapae
larvae are of third-instar size and larger (Ashby 1974). Nabid activity is generally the
highest during July and August in North American regions.
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Pesticides and Habitat Disturbance
Nabid bugs are sensitive to many broad spectrum insecticides, and have been
shown to decline in population size after their application (Dempster 1968(2)). Further,
these populations may take several weeks to rebuild, even when following applications of
less toxic pesticides (Baird & Homan, 1996). The use of pest-specific insecticides such
as Bt may have less direct impact upon nabid bugs, yet findings from Harwood et al.
(2005) indicate that Bt endotoxins are showing up in the bodies of non-target arthropod
predators such as nabid bugs. It is currently unknown if the source of these toxins is due
to direct feeding on plant tissue containing Bt proteins, or from the consumption of prey
that have in turn consumed Bt leaden plant tissues.
As ambush predators, nabid bugs feed efficiently when afforded adequate cover.
Vegetative buffers, untilled strips, and living mulches may all provide improved refuge
and shelter, foraging areas, and access to prey.

Lady Beetle (Coleoptera: Coccinellidae)

The lady beetle is also known commonly as the ladybug or ladybird beetle. It
falls within the Coccinellidae family that has over 4500 named species, with over 450 of
those native to North America. Coccinellids range from 2mm to 10 mm in length, and
are usually identified quite easily by their characteristic orange/red background that is
typically punctuated by dark spots.
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Lifecycle
Lady beetles over winter in the adult stage, often finding shelter in clusters under
plant debris, rocks, loose bark, and sometimes inside buildings. In spring, adults will
disperse – often over long distances – to find food and egg laying sites. The eggs,
clusters of yellow/orange, barrel shaped eggs are laid on the surfaces of plant leaves,
often near aphid colonies. Females may lay up to 1000 eggs throughout their life, which
can span a three month period during ideal summer conditions. Upon hatching, larvae
will range extensively (up to 12 meters away) in search of food, and will consume aphids,
thrips, eggs of many insect species including other Coccinellidae eggs, and other small,
soft bodied insects including the imported cabbage worm (Ashby 1974). Larvae pass
through four instars over a 20-30 day period, and will then pupate. In approximately 312 days adults will emerge, and depending upon the climatic zone and resources
available, they will feed, mate, or search for an over-wintering site. Most common
Coccinellidae species have one or two generations in the U.S.
Pesticides and Habitat
Lady beetles, like other beneficial arthropods, are susceptible to certain
insecticides. Banken and Stark (1998) found that female C. septempunctata ceased all
egg laying activity following exposure to neem insecticide, and that all individuals
exposed to concentrations greater that 100 ppm died within 10 days. Insecticidal soaps
can be injurious to several Coccinellid species (Smith and Krischik 2000), and predatory
activity is reduced in adults and late-instar larvae when prey containing pesticide residues
are encountered (Singh et al. 2004). Adult lady beetles do appear tolerant of spinosad
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(Galvan et al. 2006), and strains of Bt do not negatively affect predation activity (Giroux
et al. 1994).

Minute Pirate Bug (Orius spp.)

The minute pirate bug – Orius spp. - is one of over 20 genera within the
Anthrocoridae (Pirate Bug) family. These true bugs are small, with most measuring less
than 0.2” in length, and having distinct black and white colorations on their wings.

Life Cycle
Female minute pirate bugs lay eggs, either singly or in small groups, within the
tissues of plants. Eggs hatch in 3-5 days, and give rise to the immature nymphs. Nymphs
pass through five stages, growing larger with each one. Immature minute pirate bugs are
generalist predators much like the adults, but lacking wings for flight. Both nymph and
adult stages of Orius spp. will feed on a variety of insect prey, including those considered
to be agricultural pests such as thrips, aphids, and the eggs and small larvae of
caterpillars. Prey are grasped by strong forelegs, and the sharp beak-like mouthpiece
(characteristic of all true bugs) is used to pierce skin or eggs and withdraw the soft
insides. Orius spp. have life cycles that span 20-30 days, and may have 2-4+ generations
within a season, depending upon resources and environmental conditions (Askari and
Stern 1972).
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Pesticides and Habitat
Orius species are sensitive and succeptible to some broad spectrum insecticides.
Pesticide residues of malathion, endosulfan, profenofos, fipronil, and cyfluthrin have
been proven to be incompatible with Orius insidiosus, with some chemicals resulting
directly in death and others resulting in reduced prey consumption (Elzen 2001).
Insecticides with more novel modes of actions, most notably Bacillus thuringensis and
spinosad, do not directly injure minute pirate bugs (Al-Deeb et al. 2001, Elzen 2001,
Williams et al. 2003)
Minute pirate bugs require shelter and alternate food sources when insect prey are
unavailable. Sources of nectar - such as flowering perennials or ground covers – may
help retain Orius spp. populations in agricultural systems when pest numbers are low.

Spiders (order Areneae)
Spiders are of the order Areneae, which falls within the larger class Arachnidae.
There are many thousands of species within the families and genera of Areneae. All
share a similar physiology, with 4 pairs of legs and a small mouth that is used to suck out
the soft portions of their prey. Many species build characteristic webs for shelter or prey
capture, while others tend towards nomadic hunting methods.

Life Cycle
Spiders reproduce through eggs, which are bundled together in sacks. They will
pass through a series of instars before reaching adulthood, feeding upon their yolks
during early stages. Adult spiders can live for a year or more, and generally feed on a
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wide range of prey including aphids, thrips, larvae and caterpillars, other spiders, and
more. Spiders cannot chew their food, but rather rely on a small, sucking mouth to
withdraw the soft insides of their prey.

Pesticides and Habitat
Spiders are extremely sensitive to broad spectrum insecticides. Wisniewska and
Prokopy (1997) found spider population reductions of 200-300% in apple orchards that
were under chemical management. Dempster (1967, 1968(1), 1968(2)), when measuring
effects of the broad spectrum insecticide DDT upon Pieris rapae andarthropod predators,
found that pesticides reduced spider populations significantly. These pesticide impacts
were then compounded by the disturbance of tillage, which displaced the spiders that
recolonized the plots following chemical application.
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APPENDIX B
Supplemental Figures, Graphs, and Data
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Figure 11. Average soil organic matter for field plots. All plots were located within the same field
as where P. rapae studies were conducted. “No Till 2006” indicates plots of Brussels sprouts from
P. rapae study.
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Figure 12. Average nitrogen ppm in field plots. All plots were located within the same field as
where P. rapae studies were conducted. “No Till 2006” indicates plots of Brussels sprouts from P.
rapae study.
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Average N:P Ratio
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Figure 13. Average N:P ration for field plots. All plots were located within the same field as
where P. rapae studies were conducted. “No Till 2006” indicates plots of Brussels sprouts from P.
rapae study.
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Figure 14. Average soil temperatures in field plots. All plots were located within the same field as
where P. rapae studies were conducted. “No Till 2006” indicates plots of Brussels sprouts from P.
rapae study.
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